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FOREWORD 


This Bat telle Columbus Laboratories study was sponsored by 
NASA Lewis Research Center under NASA Contract Number NAS3-23354, for 
the purpose of providing a preliminary analysis of space mission 
applications for electromagnetic launchers. Work was conducted from 
November 1982 through June 1984. Battelle's assessment involved: 
(1) development of mission models, and requirements for electromagnetic 
launchers; t2) reference system concept development; (3) preliminary 
economic assessment; (4) preliminary environmental assessment; and 
(5) assessment of technology development needs. To support the System 
concept development, NASA Lewis Research center supported Dr. Henry H. 
Kolm and Dr. Peter P. Mongeau, EML Research, Inc., Cambridge, MA, and 
Dr. 0. K. Mawardi, Collaborative Planners, Inc., Cleveland Heights, OH. 

Information developed during the study period is contained 
in this. final, report. Inquiries regarding this study should be addressed 
to: — 


Mr. William R. Kerslake* COR 
NASA Lewis Research Center 
Mail Stop 501-7 
Space Propulsion Technology 
Division 

Cleveland, OH 44135 

Telephone: (216) 433-4000 X5183 

FTS: 294-5183 


Ms. Lisa A. Miller, Project Manager 

Space Systems Section 

Defense and Space Systems Department 

Battel le Columbus Laboratories 

505 King Avenue 

Columbus, OH 43201 

Telephone:. (614) 424-4146 
FTS: 976-4146 
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1.0 EXECUTIVE SUFWARV 


This Final Technical Report documents the findings of the 
"Space Mission Analysis of Electromagnetic Launchers," NASA Contract 
NAS3-23354. The Executive Summary (Section 1.0) contains the study 
background, objectives, approach, principal assumptions and requirements, 
and 'summarises the reference concepts, major results, conclusions, and 
recommendations. Sections 2.0 through 8.0 present the technical details 
of the study results. Appendix A provides, the references. Acronyms 
and abbreviations are defined In Appendix B, while Appendix C contains 
metric-to-EngliSh conversion factors. Separate NASA-funded studies 
by Electromagnetic Launch Research, Inc., and Collaborative Planners, 
Inc., are attached to this report in Appendices 0 and. E, respectively. 
Appendix F contains the distribution list for this-final report. 

1.1 Study Background 

In 1982, Battel le Columbus Laboratories conducted a feasibility 
assessment of an electromagnetic Earth-to-space rail launcher (ESRL) 
to determine the viability of developing a rail launcher system in the 
2020 time frame to launch. material into space (Rice, Miller* and Earhart, 
1982). Based upon an evaluation of potential applications, a reference 
concept was selected. The reference concept consisted of two missions; 
the first mission would launch projectiles to solar system escape 
velocities to dispose of commercial high-level nuclear waste, the second 
would launch cargo to low-Earth orbit to resupply U.S. space stations. 
The ESRL system would be based at an equatorial site, with two separate, 
rail launcher tubes placed in underground shafts. One tube would be 
inclined at 20 degrees from the horizontal for Earth-orbital missions; 
the other would be vertical for solar system escape nuclear waste disposal 
missions. Each launcher tube would be 2.04 km in length, and surrounded 
by 10,200 homopolar generator/inductor units to transmit power to the 
rails. The two rail launchers would be powered by a common power plant. 
Total projectile masses were 6500 kg for Earth-orbital missions and 
2055 kg for solar system escape missions. These projectile masses 
corresponded to payload masses of 650 kg and 250 kg respectively. The 
seemingly large ratios of projectile-to-payload were due to shielding 
requirements for nuclear waste and orbit-circularization propulsion 
system requirements for Earth-orbital payloads. Based upon preliminary 
technical , environmental, and economic analyses, It was concluded that 
the ESRL system appeared to be technically feasible and economically 
beneficial. 


The previous ESRL study investigated only electromagnetic 
railgun launchers for Earth-to-space missions. Other types of 

electromagnetic launchers (EMLs) are currently being studied* the most 
well known of which are the coaxial accelerators. This study was 

conducted to investigate all types of EML concepts for performing a 
variety of space missions. 
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1.2 Study Objectives 

. 4 The overall objectives of this study were: (1) to provide 
NASA Lewis Research Center (NASA/LeRC) with sufficient information 
such that a comparison could be made between various promising EML space 
mission concepts; (2) to develop mission models and requirements for 
EMLs; (3). to define reference system concepts; (4) to conduct preliminary 
analyses of economics and performance;, and (5) to recommend areas of 
technology development. 

1.3 Approach 


The study approach emphasized the assessment of factors which 
would contribute to the comparison of the different types of electro- 
magnetic launchers. These factors include mission definition and 
requirements, preliminary conceptualization of EML systems, economics, 
and technology status. 

The analysis included four tasks: (1) Characterization of 

Candidate EMLs; (2) Development of Mission Models and Requirements; 
(3) EML Concept Analysis; and (4) Technology Assessment. Figure 1-1 

emphasizes the overall study approach. The specific study tasks and 
their interrelationships are outlined. 

Initially, the study addressed space mission applications 
of EMLS beginning in the year 2020 and continuing through 2050. The 

study was revised midterm to reflect a more near-term operational start-up 
in 2000 for the Earth-to-orbit mission and in 2010 for the lunar base 

supply mission. 

In order to stay abreast of the rapid developments in this 

field, it was necessary to maintain contacts with others working in 
this area. This contact included attendance at two EML conferences, 
the American Defense Preparedness Association Seminar on Electromagnetic 
Launchers in February 1983 and the Second Symposium on Electromagnetic 
Launch Technology in October 1983. Also, experts in coaxial 

electromagnetic accelerator technology were contracted, separately by 
NASA/LeRC to provide input to the preliminary conceptualization task. 

1.4 Study Guidelines 

The guidelines which were used in the performance of this . 
study Include: 

e Battelle made maximum use of related studies and other 
associated data, as appropriate. 

• Battelle considered EML systems available in the open 
literature. 
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1.5 Reference Concegts 

conceptual izatlo^^rt^^val Satio^of "the se^eif^d !°L!°^ ng Preliminary 
rallgun and coaxial accelerator rortr*I^+c SeVd Tu ld ^ ntlf ed Melons using 
for further study are briefly described P in this^ectiM. C “” ptS se,<!cwd 

l.S.l Earth- t o-Orbit Bell Launch.. 

supply materials* to 1 an oribltlnc/tocl* concept was envisioned to 

include hydrogen/oxygen proMllants in' 0 ll.» Thes f supo ' i ' 1tens would 
consumables, spares, and mis^naneous material ^ ,1fe “W’ 0 '' 4 - 

and transported 0 ^ the* Ta^uhtfh site ° thtrl'' rE' * y,0id ? wou,d be fabricated 
until launch time. ™ e «dui™J m.Si? V ey w ? uld » e Placed. in storage 
payloads) would*; transport (wfth ’"tegrated 

«ould be placed in the preboost aection If ,l h ® -! a ™ cher - Th « projectile 
The muzzle velocity would be 6 85 km/l th ® *'J ul1cheir ' and then launched, 
required for orbital Insertion suLK’ K wi1 l an addit1yna7 2.1 km/s 
system at 500 km altitude supplied by the projectile propulsion 

2C degrees to th^^oAzonuf to oStll^ a J ons a mountain side at 
orbit-insertion propulsion requirements 126 The m °? Pher i C dr * 9 Tosses and • 
surrounded by 3600 homopolar Vne^ tube would bo 

Storage. The power would be Provided i UnitS prov1dirt 9 energy 

launcher tube would be parti al?v° ilaiSirfS ? nUclear P ower plant. The 

provide structural support to prevent da lj n t« ^ nc r ete foundation to 
stresses. Prevent damage to the bore . from the bore 

shown In Figure 2^ °Included E ^ h the"°ff 1t rail launcher system Is 
the launcher elevation angle, cross-sectional 6 a ^ lustration. of 
launcher system, and a orolectile 2 1 • d * 1de Vlews of the 

of this system is provided In Section 4. 2 ? J f ^hTs* "report ta 1 ^ ^ scussion 

L5.2 £arth-to-Orb it Coaxial Accelmtor 

to deliver supp^Vteri^lV C ° 3 Elrth 3 orbi t^ ^The^a vV S< !) coftce 1 ptua7l2ed 

tartn oroit. me payloads would be the 
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same as those described in Section 1.5.1. The overall mission scenario 
is also the same. 

The launcher would be built at a 20 degree elevation angle 
on a mountain side. The launcher tube would be partially imbedded In 
a concrete foundation. The power would be supplied by a nuclear power 
plant and stored in a single large Brooks, coil Inductor. The current 
is supplied to individual turns of the drive coll. 

Figure 1-3 provides an overview of the Earth- to-orbit coaxial 
System* A crossr-seetlonal view of the launcher system* a projectile 
concept drawing, and an illustration of the launcher elevation angle 
are shown in the figure. Section 4.3 of this report discusses this 
system in more detail.. 

1-5.3 Hybrid RaildUii/Rocket 

Payloads would be launched to low-Earth orbit via a hybrid 
rail gun/rocket system. These, payloads would be identical to those defined 
in the Earth-orbital traffic model, including propellants, life support 
expendables, spares, materials for space_ processing* and miscellaneous 
1 tefns . 


The three solid-rocket stages would be manufactured and loaded 
with propellant prior to delivery to the launch site storage facility. 
Before launch, the motors would be stacked and the payloads integrated. 
Projectiles would be transported daily to the launcher. At its scheduled 
launch time, each projectile would be placed in the breech of the launcher 
and after the launcher system has been fully charged, the projectile 
would be launched at 2 km/s. The projectile would continue along its 
trajectory, through three, stage burns, to its destination at low-Earth 
orbit. 


The launcher would be located on a mountain side at a 35-degree 
angle from the horizontal (no rocket vehicle kick angle is required). 
Energy storage is provided by 750 homopolar generator/inductor units 
lined along the 2-km long launcher tube. The power would be provided 
from commercial utility power plants. The launcher tube structural 
support is provided by a concrete bed surrounding half of the tube to 
prevent structural damage to the rails and bore due to launch stresses. 

Figure 1-4 provides an overview of the hybrid rail gun/rocket 
system. Cross-sectional and side views are illustrated, as are the 
projectile concept end launcher elevation angle. Further discussion 
of this reference concept is given in Section 4.4. 

1*5.4 Hybrid Coaxial Accelerator/Rocket 

The hybrid coaxial /rocket concept was envisioned to supply 
the same payloads to low-Earth orbit as the hybrid railgun/rocket. The 
mission scenario would be the same as well. 
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FIGURE 1-4. OVERVIEW OF THE HYBRIO RAILGUN/ROCKEJ CONCEPT 
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A mountain with a 35-degree elevation angle over a 2-km length 
is conceptualized. Energy would be provided from a utility power plant 
and_ stored in a single large Brooks coll Inductor. The launcher tube 
would be partially Imbedded in a concrete foundation to provide structural 

support to prevent damage to the drive coils from hoop stresses during 
launch. 3 

i e An overview of the hybrid coaxial/rocket is Shown In Figure 
™ ^ T ??i ]J un f?? r cro s$ -sect1on, the projectile conceptualization, 
and an illustration of the launcher elevation angle are given in the 

figure. Section 4.5 provides further discussion of the reference concept 

system. * 

1.6 Suuaarv of Major Results 

The major results of this preliminary assessment of EML space 
missions are summarized in the following paragraphs. 

1.6.1 Alternative EML Concepts 

. # survey of EML concepts. was conducted to identify those which 

could perform the selected space missions. The open literature (U.$. 

and foreign) was reviewed and EML experts contacted, fjvj concepts 

were identified and reviewed: H 

t Rail gun 

• Coaxial accelerator 

• Electrothermal thruster 

• Electromagnetic rocket gun 

• Electromagnetic theta gun. 

Of these concepts, two were selected for the reference concepts based 
upon technical evaluation— railgun and coaxial. accelerator. 

1.6.2 Mission Models and Requirements 

Seven missions were identified for definition in this study 
and are listed below: . J 

• Earth-orbital launch 

• Lunar base supply 

• Solar system escape 

• Earth escape 

• Suborbltal launch 

• SSTO/TAV boost, 

• Space-based launch. 
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For a particular mission to merit development of an EML system i*™* 

S^ngV* Imio'n' ^y! r o\v7ro^n'ant /v^Tnd “1 SSJSi 

reference'concepts? 461 *^' 

i KA 4+**4 Table , 1-1 presents tf ie two Earth-orbital mission models 

tSl Ca «? ns year il y ■“** de1ivery requirements. The low model assumed 
that there would be 270 persons In orbit In the year 20S0- the KX 

S k. as ™"f d 670 ? eo 2\* • J nmc for the Earth-to- Space EML 

wfoft two "ST 

MT the dSlly ,a “ nCh r8te f0r each systwl between the years2000 

ift ™ e 1ul ] ar bas « supply mission, added to the mission list late 

in the study, also had large material delivery requirements Althouah 

2 ? studied in detail, it was felt that an Equatorial -Eased 

tJ L i/si y ct e COu J- d a. be a C0St ‘ effect ^ve method of transporting material 
to low-Earth orbit, geosynchronous orbit, and the Moon. p 9 1 

1»6.3 Safe ty and Environmental Impact 

various 1 Lei! * wl^L^LT 1 ™ raen , tal *”P«t assessment, evaluating 
various issues, was conducted. Development and construction of the 

sonlc Sy bonm S olef t expected 10 have s0m6 environmental effects. Local 
effects are expected;, however this is not expected to be 

a cr j tical 3ssu e. Overpressures on the order of supersonic aircraft 

are expected to occur between 355 and 700 m for the Earth-to-orhft Si 
and at about 200 m for the hybrid system. tarth-to-orbit EML 

Major accident events for the EML systems are niroix/ +* 

f^es Ct Ca e re b mtt" U h. ‘Z? 1 ! l aur,ch ’ 'iquid-propellant spills, or on-pad 

ss$ t «yrg c 2: ird sjssds 

"or C ni7t t o f S ^u,a a t C e t i V lr t ia e s S . " *“ ^ is -LL'Ml 

benef1t , of using the Earth-to-orbit EML systems mav be te 
Thf UC « adVera f environmental impact from the Space Shuttle by reducina 
the number of Shuttle flights. Reductions would be in the areas 2? 

effluent quantities and impact to the. ozone layer from Shuttle hci 

Although the hybrid EML/rocket systems would release Hci 
endAl 2031 n to the atmosphere during first-stage burn of the three-st.o. 
rocket, the emissions would be dispersed and pose less of a hazard S 
th, conventional systems which have a large ground cloud of exhau ? 
Also, the hybrid systems may add to orbital debris by emittina auo^ 
o P r ‘ 1C , U a ?d 1n . t0 E r, th srbit at S*"* Station al tl tildes . Further' analyst s 
system! ,ldpr0|!u,sl0n sy5tem may desired for the hybrid EML/rocket 
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TABLE l-2a. NUMBER OF EML LAUNCHES PER DAY 
FOR EARTH-ORBITAL LAUNCHER 


Fifty-Year Average 


Launches Per Day 


Low Model High Model 


120 

1 

105 

2 

HO 

3 

15 

4 

20 

5 

25 

5 


TABLE 1 


NUMBER OF EML LAUNCHES PER DAY 
FOR HYBRID EML/ROCKET LAUNCHER 


Launches Per Day 


Low Model High Model 


Fifty-Year Average 

2.8 5. 
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1.6.4 Cost Estiaates 

Preliminary cost estimates are given In Table 1-3. The expected 
costs are shown for each of the four reference concepts. Expected 
Investment costs ranged from $1.2 B to $2.2 B, with annual operating 
costs between $35 M and $4Q M, not Including projectile costs. Section 
6.0 discusses the costs In detail. 

At high launch rates, the projectile costs dominate capital 
costs. At low launch rates, the capital costs are not spread over many 
launches, so the EML system Is not as cost effective. When ammortized 
over, a 30-year period, one launch per day results in costs between $496 
and $757 per kilogram. A launch rate Of ten per day corresponds to 
costs between $181 and $234 per kilogram. 

Figure 1-6. compares total program costs for the current STS, 

a conventional four-stage rocket (800-kg payload), and the hybrid 

EML/rocket system, all for. an initial operating capability (IOC) date 
of 2000. A $1.5 billion development cost was assumed In this study. 

With launch rates below two launches per day, the front-end . investment 

causes discounting of cost streams to favor the four-stage rocket for 
payload delivery. At higher launch rates, the EML front-end investment 
Is recovered and the hybrid system is favored. 

Coaxial accelerators have potential for lower costs than rail gun 

systems for several reasons. The projectile stresses are lower because 

multiple projectile coils distribute the acceleration loads throughout 
the projectile. This means that structural masses may be less. The 
launch tube hoop stresses are also lower which correlate to reduced 

tube structural masses. For the 2000 IOC, a . single Brooks coil was 
assumed for the coaxial accelerator concepts as opposed to multiple 

homopolar generators and inductors for the railgun systems. The- single 
energy store would be less expensive than the multiple stores. 

1.6.5 Technology Requirements 

EML technology needs to advance to further define the reference 
concepts and to Improve the cost estimates. Areas of needed technology 
development include system scale-up, switching and energy distribution, 
energy storage, brushes, projectiles, and structural support. Battelle 
has recommended that NASA conduct a supporting research and technology 
program In experimental research and system studies to further evaluate 
the potential benefits of the EML for space mission applications. 

1»7 Conclusions 

Based upon this preliminary assessment, Battelle concludes 
that electromagnetic launchers appear to be technically feasible and 
economically beneficial in supplying material to space. However, 
large-scale EML development can be justified only when large amounts 
of material are launched. There appears to be no near-term (2000-2010) 
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FIGURE 1-6. COMPARISON OF TOTAL PROGRAM COSTS 








2,0 MISSION MODEL DEVELOPMENT 


. J hi i sec A 1on P resents the mission models and describes model 

development for the seven identified electromagnetic launcher (EML) 
space missions. These missions are: ' 

• Earth Orbital 

• Lunar Base Supply 

• Solar System Escape 

• Earth Escape 
t Suborbital 

• Electromagnetic Boost 

• Space-Based EML. 

. . . Th ® ? 1ss j u on ft,odeU ‘ delude projections of the type of material 

to be launched, the amount of mass, and number of launches per year 

2000 e t a f ^n t h r ??^ ns ; The Earth-orbital mission model spins fZ 

Jit?*'' - bas , a sgpplv mission model begins in 2010. The 

/n the year 202 o! S Um,er consWeMt,on l4sts ‘hlrty years, 
2.1 Earth Orbital Mission 

Several science fiction writers nave considered the use of 

launc < h T J or , 1 ® unchin 9 cargo; recently, studies have 
shown that EMLs are indeed applicable for the cargo-launching missions. 

lESLiE?’?* ?J 0W M9h accelerations necessary to mliXU 

reasonable launcher lengths preclude the use of EMLs for transportation 

oreEm??? 1 equi>ent * However ‘ for bulk items, including 

propellants, materials for space processing, and certain food items, 

cer'vatu«. at1wt1ve Mtematlves to the Space Shuttle and m 

The Earth-orDical mission model assumes a sianificant manned 
presence in space by the year 2020. Table 2-la indicatis the projlSted 

foolThtl \ r0W I h of an JJ 1t<Al Space statio " 1" low-Earth orbit from 
1992 through the year 20oO. An orbiting Space Station was assumed to 

be^ operationa! in 1992. The initial Space Station woSld be Imatl an3 
up , t ? eiqht P®™>ns permanently located onboard (ninety-day 
repUcement cycle).. By. adding additional modules, the Space Station 
will evolve. In 1995, an increase of four persons was predicted, for 
a ^ a1 T , of . twe1v f Persons in orbit. By 2000, sixteen people are assumed 
j” * living and working in a U.S. Space Station. These estimates are 
baseo upon the results of the NASA Space Station Task Force Concept 
Development Group definition and from eight NASA contractors which 
parti cip a ted in the Space Station Needs, Attributes,, and Architectural 
Options Study tor NASA Headquarters in late 1982 and early 1983. 
Reference? to the reports of the contractors are listed as follows: 
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• Boeing Aerospace Company (1983) 

• General Dynamics Convalr Division (1983) 

• Grumman Aerospace Corporation (1983) 

• Lockheed Missile and Space Company (1983) 

• Martin Marietta Aerospace (1983) 

• McDonnell Douglas Astronautics Company (1983) 
e Rockwell International Corporation (1983) 

• TRW (1983). 

w u Th j Projections beyond the year 2000 are categorized in low 

Jhff h l2 h mod ®ii ? nd ar6 ahoWn 1n Table 2- lb. The low 9 model assumes 

5°f uldt1ort of 250 P eo P le in Earth orbit by the 
year 2050, the high model assumes a population of 670 people at this 

‘ 3 , sma11 "rtlitary LEO station and added 

x? E ? s . ta V on v ma J<^ty of the personnel in orbit are 
projected to be m low-.Earth orbit in a number of Space Stations. 

2.1.1 QTV Propellant Supply 

i- . .. .. Propellafit transportation is a large portion of the EML 

mo<J,e ^‘ The transport of orbital transfer vehicle 
(0TV) propellants in their LH2 and LOg forms, as well as water was 

f?H!f de w ed i: Many . m ° re flights would be required to launch LH? and L0o 

iU^r^ 0 fu W /.n r) b6Ca , U i Se water is 2 ’ 8S t1mes denser than an equivalent 
amount of LH 2 /LO 2 propellants. Also, LH 2 and L0 2 tankage is more costly, 

WflffiI Se a e C, ?u 09enic a ^ 0r ‘ a 9 e ** required. Safety concerns also point to 
water as the propellant payload of choice. This concept assumes that 

the Stations Sl S s , f "J 1 Hi aft d adequate power would be located onboard 
artS h S1{ ]ce the ratio of oxygen to hydrogen in water is 8:1 
?n / p f hydrogen/oxygen propulsion systems utilize an oxidizer- to-fuel 

Q/'F F Lt?n« 0 rt e°n i4* tbe f e would llkel y a " excess of oxygen; however 

oxvaln^d/’ fJtJt'* 1 i^ e rt b !! -? 9 C0f1 , S J d f r6d Tor propulsion systems. Any excess 
oxygen delivered to orbit would be u$od for other station needs* such 
as for life support or orbitcl drag make-up. 

2. 1. 1. 1 Mission Model s 

. „„ aa .. 1 0TV P r6 Tlmlnary designs and mission models are widely available 
!n2 ffi y fl var1e , d * n Sources quoted in this section are: Boeing, 1980 

Jhla 98 * 3, Senera J Dynamics, 1980 and 1983; and Davis, 1982. All of 

OTv S ?vcff«r C ?* ^ Stud i ed cryogenic systems; recent storable-propellant 
0TV systems studies are not currently available. K K 

Quoted bv ^ E0 “ to “ GE 0-to-LE0) 0TV propellant requirements 

this stSdv f / om 15 ‘ 000 k 9 t0 32,500 kg. In 
this study, the total propellant requirement for each 0TV round trip* 
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TABL E 2-2a . EARLY OTV FLIGHT PROJECTIONS 


Notes: 


a From NASA/MSFC, 1980 (Nominal Model) 

(b) From Boeing, 1983 

(c) From McDonnell Douglas, 1983 

(d) From Davis, 1982 

(e) Projection for 1990 

(f) Projection for 1999 


TABLE 2-2b. 


OTV FLIGHT PROJECTIONS FOR 
2000 THROUGH 2050 


2000 

2005 

2010 

2015 

2020 

2025 

2030 

2035 

2040 

2045 

2050 


( a )As$umes no lunar base OTV activity. 
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was a s $umed to be 22,000 Jcg (18,855 kg oxygen and 3145 kg. hydrogen), 
Water to be electrolyzed on orbit, this corresponds 
6f i. squired per OTV flight. Assuming losses in 

transportation, handling, and the electrolysis process, 29,500 kg was 
used as the baseline for che OTV model. 9 

. . , . ^-2a and 2*2b summarize the projected OTV fliaht 

schedules. Projections for 1990 through 2010 shown in Table 2- 2a are 

figftn? 0e1 ?L 19 !i 3 m McDonnell Douglas (1983), Davis (1982), and NASA/HSFC 
* i* Low and high models are shown in Table 2-2b for the OTV fllqht 
projections for the fifty-year period from 2000 to 2050 used for this 

in these tab l® s are th6 continued use of Earth-orbit 
for communications* environmental monitoring, etc., and the likely manned 
traffic between LEO and GEO and between LEO and the Moon. 

rrn JSL* 1 ? * EML P™P e11ant su PPl y mi salon, with a launch directly 
G a E0 * P r °P 6 l la ” ts carried from LEO to GEO on the OTV for the return 

of n*? ^/* LE Vn S i. avo ] ded ‘ Fro,fi Section 3 - 7 * with a launch velocity 
°L U *I .£#*• k 9 of watef could be delivered to a GEO Space Station 
W Ji er i hbld * n 9 taflk * , The water could then be electrolyzed* liquified* 
and lo a d ed onto the OTV for Its return to LEO. The total propellant 

SrJJ5l U /7lo f ° r * t i h f ? TV round tHp would then be reduced* because 
the return-trip propellants are not carried as cargo, from LEO to GEO. 

2.1. 1.2 I mplications of STS Scavenging 

... Several studies are currently being funded by NASA to 

Shuttil 9 ^* ’** *« S i T° SS u b ?Jli y n f scaven 9ing propellants from the Space 
h^ ttl6 uf SS 1 ?? 1 . Tank _ (f T )» Orbiter lines, and tankage In the payload 

nronnicfnn^ 1 lng . pay1oad bay tankage concepts and main 

Sh r V ^, y l tem i? PS) . t ? nSTer systems for NASA/ JSC (Rockwell, 1984), 
while Martin Marietta is investigating for NASA/MSFC several scavenqinq 

iqft4l PtS naII 09 +1 6 ! T and Aft Caf 9°. Carrier (ACC) tank (Martin Marietta! 
1984). NASA estimates cost reductions of $150-$185 M per year through 

m ET r .nd WS U (fit “ S S " d reSldUin Pr ° pe ' U,,tS r “ a1 " 1 "9 

Preliminary results indicate that all OTV missions could be 

Scavenged f rnm 0T !?/ based at th ® s P ace Station with propellants 
trom the ET and/or surplus tanks in the ACC. Using NASA's 

nominal Space Shuttle mission model for 1991 to 2000, scavenqinq from 

Its 0316 M J> of a*ainbl.Topcnan1s 9 fr?/ 2 M 

! 276 nn h iKc^in5fMT^ / CC w „ used 1n conjunction with ET scavenging, 
lb i S cii ? 32 U? of P^P® lar,t 1S available over 198 flights (Martin 
Marietta, 1S84). The available propellant mass does not account for 

d £,JLn 0l '° ff ; tr r: er > and trappe<i propsllants. The mass 
II 9 ystem ? ar < l '' ar « also be taken Into account. 

Nevertheless, the scavenged propellant figures .should be sufficient 
to supply the required OTV propellants. . 

J bere at ; e / however, technical issues which must be resolved 
before an ET propellant scavenging system is put in effect. A preliminary 
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technical assessment has been performed (Gilmore, 1984). Gilmore 
indicated a number of areas where special design requirements may be 
needed i 

• Long-term storage 

• Zero-g propellant management 

• Zero-g propellant gaging 

• Zero leak fluid couplings and disconnects. 

Multilayer insulation (Mil) was proposed to insulate the storage tanks. 
Although MLI has been successfully used for many years, Gilmore felt 
that handling and reuse of the material may be a "challenge". The 
Cryogenic Fluid Management Facility (CFMF) is a self-contained test 
package which will be flown in a series of tests in 1988 to demonstrate 
IH2 handling and transfer. Propellant management techniques using the 
surface tension of the fluids are now in use in the RCS and 0M$ tanks 
of the Space. Shuttle Orblter (zero-g conditions, but using storable 
propellants). Critical technology areas cited by Gilmore were zero-g 
propellant gaging and "foolproof" zero leak fluid couplings and 
disconnects. These are areas in which the technology has to advance 
before the propellant scavenging system could be built. These are not 
considered to be as technically challenging, however, as those issues 
which face an .EML supply system (demonstration of scale-up, etc.). 

Another issue which NASA will face if a decision is made to 
go ahead with a propellant scavenging system is the question of who 

will pay to transport the. propellants to orbit. It has been stated 

that "the cost of putting these propellants in near orbit has already 
been paid" (Gilmore, 1984). However, the people paying for the Shuttle, 
launch may not wish to pay to transport someone else's propellants. 

When the EML supply of OTV propellants to a Space Station 

is eliminated, the near-term mission models are severely reduced. OTV 
propellants represent the primary mission of a 2000 IOC EML system, 

and, as such, would appear to be the concept driver. 

2.1.2 Space Station Supply 

Transportation of certain types of non-sensitive payloads 
for use on Space Stations Is another portion of the mission model. The 
payloads might Include food, oxygen and nitrogen for life support systems, 
spares, and miscellaneous supply items. The requirements are discussed. 
In this section. 

2. 1.2.1 Life Support 

Partially-closed environmental control and life support systems 
(ECLSS) are envisioned to be on the ^pace Station. Oxygen and nitrogen 
must oe supplied on a regular basis to support the ECLSS systems. ECLSS 
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supply requirements were found In a number of sources (primarily 6uy, 
Se J? eral D y nam ^cs, 1983; Rockwell, 1983; and Hamilton Standard, 
1983)* There was a wide variation In the estimates for required ECLSS 
propellant masses presented In these documents, ranging from 640 kg/yr 
(8-man station) to 40,000 kg/yr (12-man station) for partially-closed 
systems. For this study, the ECLSS mass requirement Is approximated 
at 125 kg/person/year between the years 2020 and 2050. 

, „ . Fo ° d /equipments for Space Station personnel were estimated 

from Rockwell (1983) and Carlisle and Romero (1982) with masses of 1.18 
and 0.62 kg/person/day, respectively. Averaging the requirement values 
from these two sources yields 0.9 kg/person/day (food only, does not 
include packaging). It was felt that only about half of the required 
food could be launched via the high accelerations of an EML launch (100 
to 1200 g s depending upon method of launch), which led to an estimate 
of 0.45 kg/person/day for EML launch. 

By summing the food and ECLSS requirements, the total life 
support mass requirement Is assumed to be 290 kg/person/year or 
0.8 kg/person/day. Realistically, this number should decrease with 
time. Supporting the predicted Increasing number of people on orbit 
would be prohibitively expensive with only a partially-closed system. 
It is nkely that, before a Commitment to orbiting a large number of 
people is made, a completely closed life support system would be 
developed. For the purposes of this study, however, the life support 

resupply requirement (less than 1 kg/person/day) was held constant 
throughout the 50-year period of study. 

2. 1.2.2 Spares 

It was assumed that only one- third of any spares required 
for Space Station maintenance could be launched from an EML, because 
many of the spares could not withstand the high accelerations of launch. 
The spares supply requirement was projected to be about 0,11 
kg/person/day. This number represents one- third of the spares mass 
estimated in Rockwell, 1983. 

2.1. 2*3 ACS and Drag Makeup Propellants 

Several concepts are under study for use as attitude control 
and drag makeup thrusters on the Space Station. These concepts Include 
Earths storable, hydrogen/oxygen, and reslstojet propulsion systems (NASA, 
Jol* to* . s1m Pl1c1ty, Boeing's Space Operations Center ($0C) study 
(Boeing, 1982) was used as a reference for orbit maintenance requirements 
to determine propellant resupply quantities. 

The S0C study calculated propellant requirements for orbit 
maintenance of a full-up S0C (NASA, 1979). To maintain an orbit at 
490 km (265 nml), 2500 lb see/day Impulse Is required. This requirement 
means that 1633 kg (3600 lbs) of monopropellant hydrazine (Isp of 240 
to 256 seconds) are needed per year, corresponding to a daily launch 
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■ e ^p r ° s °' c ™^’rioM k9/Vof r t?!» 1c p4^oi 

- nftm ♦ amn i!^T a?1 r e has approximately the same density (1.008 g/cc at 

35 JM ;U nL* S ^, r, ,. SC h 1633 HfT ;•**■•**< launches" per 
*- %■ ' t , ® tarth-Orbital launcher. This function was left nff tha 

SSlS,.! - ”* " 0WeVer U C0U,d * P^or^dlf °"an w'tST 

2.1. 2.4 Fuel Cell Makeup Propellants 

An pmi «w? l !! u ^ d primary fuel cells be used for Space Station power 
for^operat1on. C ° U d be “““ *° trans|>0i ' t the ®W> «d hydrogen neCMSai* 

+ From JASA/LeRC Space Station PIR-18 (February 1033) the 

reactant consumption of a H 2 /0 2 fuel cell was given as 0 42 ko/kWh nl 

oxygen* to- hydrogen fuel celt reactant rat^ irB i which ift£ J„f 

0^2$ \w ^wer^i} 1^975 I" W J ter * ?0r continuous operation at an average 
to. 1 7 k ! power, 91,075 kg of oxygen and hydrogen are required each vear 
(81,756 kg oxygen and 10,219 kg hydrogen). This corresponds to a h^??w 
requirement of 252 kg/day (less, than one launch plr ?ay) y 

fuel =ells TheS The f,9 re?en ‘^'TlSuS* ll l^TTZ 

or? gfna fam “u?-. prod “ ced dur1n 9 ‘he process back to Its 
reduc^the^amounts X acSsSjt o^t^!' 8 

? ince solar arrays are likely to be selected as the Space 
Station primary power source, this requirement has been dropped. P 

2.1.2.S Mi scellaneous Supply Itam 

eouinment 061 la u neo . us category includes such items as personnel 

equipment, clothing, hygiene supplies, ship stores, EVA supplies and 

Slf kS^erson/d^ ' ’ fj he p da1 ^ ^uireme/t was^Utilted^ af’aboS? 

/ i a a l #^^o!^/d^y frofn Rockwell , 1983. Three* cue rters nf 

?t’was k8 fei e rthlt ay sL. W m S i us i d ,' 1n developing the mission models, because 

the high acceleration ,f ?“?i? n ?? U u?ch te "' S m " 0t be ab,e t0 w,thstsnd 

2.1.3 Hat erials for Space Processing 

a^ C ry" 9 Jr ‘ T? S f- a > current, ^In^rogress 

projected T ,nst P ’or1auncr 

support the materials processing m space actlvlt/’frl 2020 ?? 20M 
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with uML launches of non-eenaitive materials. The same requirement 
wa * as the h * gh model In this study from 2010 on. Between 2000 
and 2010, the requirement Increased up to one launch per day. It was 
felt that during this period, technology development would still be 
occurlng, preceding the full-scale manufacture of products. The . low 
model assumed one-half the high model requirements. 

2.1.4 Traffic Models 

* , .. Based upon the payload requirements set forth In Sections 

2.1,1 through 2.1.3, EML traffic models were determined for the 
Earth- to-Earth-orbit mission. Table 2-3 presents the masses to be 
launched per year for the various payloads. The estimated payload 
densities are Indicated under each column heading. These densities 
were used to estimate payload mass per EML launch. In Section 3. 1,5.2 
of the EaRL report (Rice, et al, 1982), payload masses as a function 
c densi V ar ® 9 iven for the ESRL projectile (650 kg maximum 
payload). Several payload densities and the corresponding masses are 
shown below: 




Water 

1.0 

320 

Life Support/Spares 

1.5 

440 

Materials Processing 

2.7 

650 


1 




The masses were used to determine the number of flights that are required 
per year. The resulting traffic, models for the Earth-orbital launcher, 
indicating the number of flights per year for each model category, are 
shown In Table 2-4. The total daily launch requirement for the 
Earth-orbital mission is summarized In. Table 2-5. 

2.2 Lunar Base Supply Mission 

- . . A lu D?L bas 5 re P*l esents a logical step beyond the placement 

of art Earth-orbiting Space Station. Much of the technology gained from 
Space Station development would be directly applicable to the build-up 
of a lunar base. The base could be used for astronautlcal and 
astrophyslcal observations, life sciences and ecosystems studies, analysis 
of engineer! ng/lndustrlal resources, and colonization. Additionally, 
the Moon could be used for military purposes. However, this application 
was not considered In this study.. Currently, NASA/JSC is supporting 
efforts to analyze the requirements and development approach of a lunar 
base. The purpose of this mission analysis is not to justify a lunar 
base nor to specify a lunar base concept, but rather to develop an 
understanding of typical, support required and to. determine the generic 
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TABLE 2-3. HASS (HT> OF EARTH-ORBITAL PAYLOADS PER YEAR 
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effectiveness of an electromagnetic launcher (EML) In supplying a lunar 
base. From recent NASA efforts and past studies of lunar utilization, 
a lunar base characterization, supply estimate, and traffic model are 
presented. 


TABLE 2-5. 


NUMBER OF EML LAUNCHES PER BAY FROM 
EARTH-ORBITAL LAUNCHER 


Launches Per Day 


Year 

Low Model 

High Model 

2020 

1.4 

1.5 

2005 

2.8 

3.9 

2010 

3.5 

5.0. 

2015 

4.1 

6.5 

2020 

6.1 

8.0 

2025 

5.2 

9.8 

2030 

6.3 

11.1 

2035 

6.5 

12.6 

2040 

7.5 

14.4 

2045 

7.7 

15.9 

2050 

8.7 

17.0 

Fifty-Year Average 

5.3 

9.6 
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2.2.1 Lunar Base Characterization 

\n 

Recent efforts at NASA/JSC propose a five-phase program for j | 

lunar base development. The first phase consists of preliminary surface 
explorations and lunar mapping. Phase 2 represents the initial, temporary n 

manned base with very limited research capability and transportation ! 

versatility. Phase 3 consists of a permanently manned base and begins 
to exploit the lunar resources (especially the extraction of lunar oxygen 
for propellants). Phase 4 is an advanced , fully operational base i 

including a moderate manufacturing facility, preliminary lunar 
industrialization, and experimentation of biological life support and 
self-sufficiency. Finally, Phase 5 consists of a self-sufficient base 
with an operational Controlled Ecological Life Support System (CELSS) 
and a growing manufacturing capability. After reaching the fifth phase 
the lunar base would be fully operational as a transportation node, 
laboratory, and Industrial complex that is nearly independent of Earth 
supply. i 


Major systems of the lunar base throughout all phases Include 
the habitat and life support system, power and thermal System, 
manufacturing, and research facilities, lunar transportation and 
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systems are descried below sna poss,b ‘ e ‘Hematlves of the 

2*2, Life Support $ vs tews 

an extension of the' siacl IK? .*£*“ (LSS > •*« undoubtedly be 
waste processing systeus P Thi* th? <! mech * n , iCal and chemical 

isfiis r wSs'r"? 1 " 

Eco log'lTa? Uft'su°ppon CO SnMm (CELSs') which* li!" ( V $ ' a “ a 

SSpply PI,, T tS ad!5ltior U t n o t ‘the’ 4 " 0 ’' 4 th “•"wtSl S “oJ 

capabllltf t^supporf longer' d^ onSe^^a'i^^r^^ 

TABLE 2-6 LIFE SUPPORT RESUPPLY ESTIMATES RCOUTBPn 
FOR LUNAR BASE EVOLUTION (KS/PERSON/DAY) 


Phase 


°2 

H$0 (drink) 

H 2P (wash) 
Food 

Miscellaneous 

TOTAL 


1 • 00 
0.50 
2.60 
0.70 
0.20 


0.20 

0.20 

1.04 

0.70 

0.15 


0.50 

0.26 

0.35 

0.02 


0.02 


0.02 
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A Boeing Aerospace study has estimated that a lunar CELSS 
that contributed 50 percent of the crew diet would pay off In 5.5 years. 
The remaining 50 percent would have to be supplied as packaged food. 

A CELSS supplying 07 percent of the diet (3 percent supplemented by 
vitamins and condiments) would become economically feasible in seven 
years (Spaceflight . December, 1983). 

£,2.1.2 Power Systems 

The power and thermal systems must supply adequate support 
for both the 14-day cycles of day and night. The temperatures may range 
from about 400 K to 120 K for these two different environments. Power 
requirements are estimated at the 100-kW level for the initial base 
and grow by a factor of 10 for each of the subsequent development phases 
mentioned above (NASA/ JSC, 1984). Thus, by the fifth phase where the 
Junar base is self-sufficient, up to 100 MW of power may be required 
(NASA/ JSC, 1984c). Major uses of power In the latter phases of the 
lunar base Include lunar resource processing (especially lunar liquid 
oxygen^LLOX) and environmental control of large volumes (for CELSS). 
Solar, nuclear, and regenerative.fuel. cell .systems have been considered. 

The preferred systems for power generation may Initially be 
the solar array with regenerative fuel cell supplement during the night 
cycle. As the base evolves and power requirements increase to provide 
power for lunar resource processing (such as LL0X), the higher-capacity 
continuous nuclear power generators, will be much more efficient and 
effective. In these latter phases, a combination of both solar and 
nuclear may be the best choice to provide steady and peak power 

requirements, as well as system redundancy. 

2. 2. 1.3 Lunar Transportation 

Transportation requirements on the lunar surface will initially 
be small as preparation of the operating base will be the primary mission. 
Equipment may be limited to a short distance transporter for crew mobility 
and a mechanized shovel to dig and bury habitats. However, as the 
missions expand, longer distances and longer duration travel will be 

required. Rockwell estimated an average lunar sortie mission of 45 days 
(North American Rockwell, 1971). Thus* equipment required in latter 

phases may also include a long distance transporter, with large payload 
capability and a transportable, temporary habitat for remote operations. 

In addition to the actual transportation equipment, the crew 
would need machined assistance for manipulation of bulk supplies and 
equipment (such as solar arrays), and for assembly of piece parts into 
larger systems. The manipulation may be done with crane-type robotic 

arms that can be adapted with end effectors for grappling, lifting, 
and digging. These manipulators and devices may be attached to vehicles., 
as appropriate for a specific mission. 
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2.2.1. 4 Earth- to 


Transportation 


The most costly operational expense of a lunar base is for 
transportation from the Earth to the Moon. The lunar base may never 
become totally self-sufficient and would certainly not be close to total 
self-sufficiency for many years after the initial base. Thus* early 
In the program, a convenient, inexpensive titethod for logistics, transport 
would be beneficial. This section briefly Identifies characteristic* 
of the Earth-Moon transportation systems. 

Three major classes of cargo exist.* crew, equipment, and 
bulk material. Assuming no reduction In crew requirements on the Moon, 
the flow of crew would always be either predominantly from Earth to 
MOon or with equal flow in both directions. The flow of equipment would 
nearly always flow from Earth to Moon with little .or none returned to 
Earth. The Initial flow of bulk supply materials such as fuel* food, 
and other consumables would initially be from Earth to Moon* however, 
after useful operation of the lunar base Is achieved, the flow direction 
may be equal in both directions or may become Moon-to-Earth dominated. 
Supply of materials Is deferred to discussion in the next section. 

Earth-Moon transportation alternatives must operate in three, 
different orbit regimes, namely Earth orbit, Earth-Moon transfer orbit, 
and the Lunar orbit regimes. Transportation systems exist that treat 
each regime separately (segmented systems) and that combine two or more 
regimes (non^ segmented systems). Segmented transportation systems treat 
these regimes with specialized vehicles. A key example of such a system 
is a Shuttle-OTV-Lunar Lander alternative. The Space Shuttle operates 
most efficiently between the Earth's, surface and. LEO, where high thrust 
Is required. The OTV operates most efficiently in orbit, never having 
to land. on a planetary surface. Similarly, the Lunar Lander is optimized 
as a launcher/lander in a 1/6-g environment. The specialization of 
vehicles increases transportation efficiency and thus, the mass of payload 
capability. However, these vehicles must dock and exchange payloads. 
Although this type of operation seems "natural" with the operational 
STS, upcoming LEO Space Station, and L£0-to-GEQ OTV* three vehicle systems 
and additional orbiting facilities are required. Many alternatives 
exist for each of the vehicles including use of expendable launch vehicles 
(ELVs) versus reusable vehicles. Table 2-7 identifies the major 
alternative vehicles throughout these regimes. 

The non* segmented transportation systems Ideally combine all 
the transportation regimes, but usually only combine two of the three 
regimes. The EML concept Is a primary example of a high-impulse system 
that can combine the Earth-Moon transfer orbit with either an Earth 
or lunar launch. Given certain launch constraints* an EML payload 
launched from Earth may traverse to orbit the Moon or to Impact the 
Moon's surface with some guidance propulsion. Similarly, payloads can 
be launched from the lunar surface at high velocity to intersect Earth 
orbit or other orbits. With sufficient onboard propulsion (approximately 
3 to 4 km/s), bulk material could be soft landed on the Moon directly 
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from Earth, or could be placed In an orbit about the Moon from the Earth. 1 i 

However, since very-high accelerations (thousands of g's) occur during 
launch* payloads are restricted largely to bulk supply material. Thus* 
the disadvantages of the EML- type transport system are the lack of 
pointing capability (this may also be overcome with Increased onboard 
propulsion) and the requirement of supplemental transportation for crew 
and special equipment. 


TABLE 2-7. ALTERNATIVES TO VEHICLES IN THE EARTH-MOON 
TRANSPORT REGIMES 


Earth to LEO 
(Vehlcle)U) 

LEO- Lunar Orbit 
(Propellant Type) 

Lunar Orbit-Lunar Surface 
(Propellant Type) 

Shuttle 

LH 2 -LOX (OTV) 

LH 2 -LOX 

ELVs 

Storable Propellants 

Storable Propellants 

HLLV/ULV 

Lunar-Derived Propel! ants(&) 

Lunar-Derived Propellants^) 

EML 

Nuclear- Ion Drive 


Hybrid EML 

Solar Electric . 



(a) ELV = Expendable Launch Vehicle; HLLV » Heavy-Lift Launch Vehicle; 

ULV s Unmanned Launch Vehicle. 

(b) Lunar-derived propellants include O 2 /SIH 4 , O 2 AI powder, and O 2 thermal 
propulsion systems all using lunar- processed oxygen, (presented 
in NASA/ JSC, 1984) 

2.2.2 Lunar Base Supply Scenarios 

i t 

By the year 2010, a permanently-manned lunar base may be 
operational and would require supplies from Earth such as crew* life 
support consumables, propellants, equipment, and bulk materials. Of 
these supplies, an EML could supply the life support consumables, 
propellants, and bulk materials. Crew and most equipment are too 
sensitive to withstand the high accelerations of * launch (2500 to 
3600 g's). 

Two lunar logistics scenarios (an OTV-based scenario and an 
EML-based scenario) were developed to provide insight to possible 
advantages and disadvantages of the use of an EML. Figure 2-1 shows 
the proposed traffic flows between the Earth (E), Earth space station (S), 
a lunar space station (L) and the Moon's surface (M). The baseline 
0TV lunar logistics scenario would use conventional hydrogen/oxygen 
propulsion between all transportation nodes (STS, Unmanned Launch 
Vehicle— ULV, OTV, and lunar STS— LSTS). The scenario which used an 
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equatorial -based EML to supply materials to the lunar and Earth space 
stations, would reduce the number of STS, ULV, and OTV flights. The 
materials launched by EML would include life support consumables, 
propellants, and other materials. As in the Earth orbit supply mission, 
hydrogen and oxygen propellants would be transported in the form of 
water to increase payload density, and simplify storage and handling 
over cryogenic propellants. Propellant issues, and tradeoffs are 
discusssed in Section 2.6. The STS, ULV, OTV, and LSTS systems would 
still deliver crew, equipment, and other payloads sensitive to high 
acceleration. 

In the baseline lunar logistics scenario, the STS would consist 
of the partial ly-reusable Shuttle with 29.5-MT capability to LEO and 
15.4-MT return capability. The ULV was assumed to be a Shuttle-derived 
vehicle using existing STS Solid Rodcet Motors, an ET, reusable enginepod* 
and a cargo volume protected by a large shroud. The ULV was assumed 

to transport 68 MT of payload to LEO In a, single flight. The 
Earth-orbiting space station would provide a base for OTV refurbishment 
and refueling, a storage depot for propellants and materials, and a 
relay station for crew and equipment between the STS/ULV and OTV systems. 

The OTV was assumed to be a 17-MT cryogenic system, with a 480-second 

specific impulse and 8-MT payload capability. This assumption is 
reasonable for the 2010. timeframe and is compatible with Current 
space-based OTV concepts. The lunar orbiting space station may be derived 
from the Earth space station to provide similar basing, cryogenic storage, 
and rendezvous capability for the OTV and the LSTS systems. The LSTS 
would be optimized for lunar surface landing and return to the lunar 
orbiting station. For compatibility with the OTV, LSTS was assumed 
to be a 15-MT cryogenic, vehicle with a specific impulse of 480 seconds 
and payload capacity of 8 MT. Both the OTV and LSTS would accommodate 
manned modules for crew transportation. . 

The EML-based lunar logistics scenario contains the same four 
nodes: Earth, Earth space station, lunar space station, and a base 

| on the Moon's surface. However, no ULV flights are Included for 

I Earth-to-space station (ES) transportation. The equatorial EML system 

j would accelerate a 500- kg payload at 3600 g's, at a 12-km/s launch 

velocity to the vicinity of the lunar space station, and would accelerate 
a 650- kg payload at 2500 g's to the vicinity of the LEO Space Station. 
For each case, additional on-board propulsion Is required for orbit 
circulation at the stations. The preliminary EML concepts for this . 
mission ere. discussed in Section 3.1.. 

2.2.3 Lunar Base Supply Mission Model 

Two lunar base timeframes were addressed for each scenario. 
The first, at year 2010, would consist of a modest base and lunar space 
station with permarnent habitation for 12 crew, three of the crew being 
rotated every 90 days. Logistics for lunar base build-up. was not 
analyzed. The life support system (LSS) was assumed to be a growth 
of the Earth space station LSS so that food and a portion of consumed 
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water* would be a supply requirement. Propellants for the OtV must b* 

,w the trtp « the Moon (bjTeUher 
yn. ulv or the EML) and to the lunar space station for the return tr<n 

(by either the OTV or the EML). Propellants for the LSTS must till 

5 s "SB 1 . 1 * 1 «1th«r the OTV V the EML) tV the luSet spice stat'ol 
in addition to equipment needed for build-up of base capability and 
self-sufficiency (by the OTV only). P capability and 


A self-sufficient base with closed life support system was 
“ “ f °: <*•» 2030. A crew of AS his bin S Sh c” 

Aa ,°crc th r es P ,V S T eve r y 45 days <2-.war st »y time per person) 
OTV and LSTS propellants must be supplied, along with a small amount 

«sotrcVTrocess1 d ng" ater,a,S t0 “ 1ntain the base and supplemer.t lunar 


The supply categories have been categorized as the crew life 
support consumables, equipment, materials (bulk), and OTV and* LSTS 
Tables 2-8 and 2-9 summarize the total annual lunar base 
supply requirements for each scenario in the years 2010. and 2030. The 
derivation of these requirements is discussed below. 


2.2.3. 1 Crew Supply Requi resents 


tran^iv^rat^ rotations must be accomplished with conventional space 
tr?J S ?A rt i at « 0n b t c . a * use of the high accelerations of EMLs. A five-day 
!"P to lunar orbit, a one-day changeout in lunar orbit, and a five-day 

Idditi 0 «' r i 1p « we ? a ^ Um ? d f0r a 5 rew of thiree - The STS would not require 
additional equipment for manned transport. However, a 5 l-MT manned 

modu e for the OTV and a 2.4-MT manned module for the LSTS would be 

52JJS V fe Supp0rt and a ha bitat for th%e cr S w membe?s 

(Roberts, 1984). Each person was estimated to weigh 136 kq, including 

each^ vear 3n ^i v^ nlf Jrh S F ° r ^ ysar 2010 ’ four Nations were assumed 
the t y ran^^ cvew. member a one-year stay on the Moon. During 

per man* per^day (see S7uUT * approx1mate,y 4 ' 9 ^ 


trtv* Ai/>h F ° r yea ,T 2030, eight rotations of three crew members would 

112J? C hf I 50 " a ^ tW0 7 ear dut y The same manned modules were 

tn , h °wever, , t £ e y transport consumables would, likely be reduced 
to approximately 0.7 kg/person/day (see Table 2-6) . 


2. 2. 3. 2 Lunar Life Support CortsuaahW 


uvaiw K. T e U l* * uppor i system of the initial lunar base, would most 

cvcll y a Jd ia f- X a t i e i nSi °i n the Earth space station having a closed CO? 

S^ C i%f 1 partl ally-closed water cycle. Table 2-7 lists the estimates 

The ^ar-Mlo^canahi i"ft entS f ?J l hQ various phases of the lunar base, 

’he year 2010 capability would be best represented by Phase 3 at 

fnnui? /P i e ifo° n/day f f or V food * water, and miscellaneous supplies. Total 

annual life support for a crew of 12 would then be 10.1 MT/yr. The 
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TABLE 2-8. ANNUAL LUNAR BASE SUPPLY REQUIREMENTS (MT/YR) IN 20l0( a ) 


Transport Regime^) 


Baseline Lunar 
Logistics Scenario 


EML-Based Lunar 
Logistics Scenario 


1444.7 

1.6 

304.8 

22.7 


162.0 


136.4 


(a) Individual supply items are discussed in Section 2.2.3. 

(b) Transport regime acronyms are defined in Figure 2*1. 


TABLE 2*9. ANNUAL LUNAR BASE SUPPLY REQUIREMENTS (MT/YR) IN 2030<*) 


Transport Regime( b ) 


Baseline Lunar 
Logistics Scenario 


EML-Based Lunar 
Logistics Scenario 


2450.8 

3.6 

532.2 

48.8 

127.8 

26.4 


309 ..3 
241.2 


(a) Individual supply items are discussed in Section 2.2.3. 

(b) Transport regime acronyms are defined in Figure 2-1. 
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year- 20 30 capability (Phase 5) was assumed to have a nearly closed life 
support system with negligible supply requirements (see Table^-B). 

2. 2. 3. 3 Eouinwent 

Equipment supplied to the lunar base would support maintenance 
and growth of various systems and capabilities. NASA has estimated 
that approximately 40 Mt of equipment would be required to develop an 
A«?™r ed base from the Initial, permanently-manned base (NASA/JSC, 1984c) 
Assuming equipment would be transported to achieve an advanced base 

Sm re-? 6 mutt** f ^ k 20 1 ? ’ ? he a " nual su PP 1 y °f equipment would be 8 MT/yr. 

wSuld hf c^n de i e ? d; however * the initial amount of spares 

be . $ ma1 ,] and increase as equipment ages. Thus, 8 MT/yr 

BeJond the 2030 t w?* 0 " 3 * 3 "* ^roughout the 2010 to 2030 timeframe. 
bfS d ^hr 3 rn t m T , , a simple estimate of 4.0 MT/yr was assumed 
the Moon. th 11kelihood of Increased automation and larger tasks on 

2. 2. 3. 4 Materials 

Bulk material supply to the Moon may include metals, oases 
polymers, and organic materials that may be processed on the Moon or 
sp / ac ^, s f a ^ a ^ or ’ may be combined with lunar resources to create 
seful (and possibly marketable) products. Lunar resource materials 

Srth'TrElt V n Ua . b, L f <VnV° < h4 * "»^ 4 > tranter ’Jo 

tartn orbit is a possibility. Such a production process was not seen 
to be operationa 1 In the Initial 2010 timeframe; thus, no materials 
wnnid 1 ? 1 f f rred \° or from the Moon * However, an advanced lunar basl 
of lblut ely i £ qu1re mat6rial transportation. An annual materials supply 
of about 1 MT may supplement the production of metallic allovs^ 

Ji2n£ d r ived oxy9e ": 4nd cement-type products. If material s-processlng 
K'!"“. bec c”e economical on the Moon, this number could easily increase 
Mass flow from the Moon to LEO was estimated at 4.0 MT/yr by 2030. 

2.2.3.5 Propellants 

_ ,. Major uses of propellant include the OTVs, ooeratina between 
Earth orbit, and lunar orbit and the LSTS, operating between lunar orbit 

“2 reJ„“.rt r ti L Urf r Ce ,- L ?? ar surf4 “ veh1c,es - the lunar JSace na?^! 
dna regenerative fuel cells consume only a small amount of fuel anH 

were considered to be negligible .in the overall mission. model.. * 

the n^iIm e d. L$TS , wuu ] d de1i ver payload to the Moon's surface including 
the propellant required for the return trip. This propellant reaui remen t 

2V!hnE 6 t d h ent of ff e J unar J°9^ sties supply scenario. Tables 9 2*8 and 

9 nin S ^°!I ™oA P, I 0pe ^ an * s tba * be carried ** payload for the years 

mlLuu 20 The t0 , ,T U c PP y the re ^ ired crew * consumables, eqJlp^n/ and 
materials. The LSTS is assumed to be a 15 MT vehicle (drv) canabie 

lmnuili Veri T!? 8 MT W ii th cryogenic propulsion system of 480- second specific 
Impulse. The propellants for the LSTS would either be supplied at the 
unar space station by the 0TV or the EML system a 30 percent packlno 
factor was assumed for propellant delivery In the 0TV and ULV/Shuttle. 8 
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. .. „ The OTV Incurs about a 4-km/s velocity Increment for the trip 

to the Moon and about 1 km/s with aerobraklng capability on the return 
trip. Generally, the propellant weight Is 60*70 percent of the total 
weight of an OTV; thus, a great deal of propellant Is required to and 
from the Moon. For the baseline lunar logistics scenario, the propellant 
supply at the lunar space station (for OTV and LSTS use) would be 
transported from the Earth Space Station to the Moon by the OTV. These 
propellants delivered would have been supplied to the Earth space station 


Introducing an EML into the transportation system would relieve 
the amount of OTV and STS/ULV*del1vered propellant required. By 
transporting water (propellant) to an Earth space station and lunar 
space station (the OTV, LSTS departure nodes), and electrolyzing it 
Into hydrogen and oxygen and liquifying, the number of OTV flights needed 
to support the missions Is dramatically reduced. Even after taking 
out the 30-percent packaging factor shown In Tables 2-8a and 2-9a, more 
than 80 percent of the baseline propellant supply to the Earth space 
station would be saved using an EML. More than 30 percent of baseline 
propellant delivery would be saved with EML propellant delivery to a 
lunar space station. 

2.2.4 Traffic Model 


- u Tables 2-10 and 2*11 present the number of flights required 
for both logistics scenarios (see Figure 2-1). A 100 percent load factor 
for each vehicle was used, assuming the following maximum payloads: 


Shuttle 

ULV 

OTV 

LSTS 

EML 


29.5 MT 
68.0 MT 
8.0 MT 
8.0 MT 
0.5 MT 


I 


. ^ Th !, tab1es show the £arth t0 Earth space station traffic (ES) 

in Shuttle flights. The Shuttle flights would be required for manned 

transfer; thus, at least four STS flights would be needed In 2010 and 
at least eight in 2030. If an Unmanned Launch Vehicle (ULV) were 
available, 20 and 33 ULV flights may be used the years 2010 and 2030, 
respectively, to supplement the required manned STS flights. 


Introduction of the EML into the traffic model would eliminate 
the need for a heavy transport vehicle between Earth and the Earth space 
station (ES). The STS would supply only those flights where 
acceleration-sensitive payloads must be transported. The EML would 
also reduce the number of OTV flights by approximately 20 percent. The 
entire propellant supply could be transported with 577 and 1000 EML 
launches per year for the years 2010 and 2030, respectively. With the 

EML-supplied propellant reserve at the Earth and. lunar space stations* 
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TABU 2-10. gngiiW^IJ 201. (NUMBER 


Baseline Lunar 
Logistics Scenario 


EML-Based Lunar 
Logistics Scenario 


48(1.0), 1(0.98) 
4(0.03), 45(0) 

1(0.29), 3(0.02) 
4(0.03) 

22(1.0), 1(0.20) 
4(0.35), 19(0) 

3(1.0), 1(0,9) 
4(0.71) 

3(1.0), 1(0.65) 

Afn 

3(1.0), 1(0.65) 


(aJTaljle assumes vehicles can be loaded to 100 percent of capability 
Number in parentheses Indicates the fraction .of vehicle capability. 


(fc)Transport regime acronyms are defined in Figure 2-1. 

TABLE 2*11. PAYLOAD MANIFESTING IN 2030 


Baseline Lunar 
Logistics Scenario 


EML- Based Lunar 
Logistics Scenario 


83(1.0), 1(0.07) 
8(0,03), 72(0) 


1(0.22), 7(0.02) 
8(0.03). 


38(1.0), 1(0.15) 

1(1.0), 1(0.9), 6(0.7), 31(0) 


1(0.91), 7(0.35) 
1(0.85), 7(0.35) 


1(1.0), 1(0.9), 6(0.7) 
. 1(1.0), 1(0.9), 6(0.7) 


1(0,85), 7(0.35) 
1(0.85), 7(0,35) 


618(1.0), 1(0.6) 
480(1.0), 1(0.4) 


(a)Table assumes vehicles can be loaded to 100 percent of capability 
Number in parentheses Indicates the fraction. of vehicle capability. 


(b)Transport regime acronyms .are defined in Figure 2*1. 
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propeUanU Ul ^nd b tan^ge^ i ant W0Uld not have return 

2.2«S EML Lunar Base Supply Advantages and Disadvantages 


tr,„.port, 

^ ant production over conventional supply. However several 
disadvantages are also Introduced by using the EML. * 

The major advantage of the EML supply relates tn a amaa^^a 
propellant-supply system that lessen the STS, ULV and OTV malt 
maintenance burdens. The OTV wn„i,i n„i!+L ana V and 

efficiently In delivering the ieslTed cargo (c^eran^eau^entl ^ 
the lunar station, the EML- supplied propellant would e11m?natr thi‘ *3 
for lunar-derived propellants, [such a S P oJ^nTse? SectlVn 2 2 6) A sf 

pre-procesTe^raw' mateHal ^ ^ ^ « 

ia cr « n 2rv " 5 ^was. w r 

«..7iAa ■&£ is 

aif EM L Sy f. em . are *, be ^ auncb constraints caused by fixed launcher tubes 
2 as? h,9 F ^’*12%? K* a ^ ow delivery o^cre^or^sensltlve 

2.2.8 Lu nar Base Supply Issues 

4? n ^l s u sues and ., trade5 have been Identified that need to be 
further detail. Major Issues involve the OTV navinaw 
capabilities, space station capabilities,, type and source of oroDellants* 1 

to ° and °X‘rtm e ?h tr ?Il Sporta r tlon ne6d 6d, and the amount of material s P de1i very 
to and from the Moon. In addition to these issues fmi * k* ; r i 

on the lunar turf.ee end used ^ nod tl™* 

flights* however feC the °L n Ln dr l er 0TV , reduce number of OTV 

ratasM-a^ir “ ounts of 

ca P a bil1ties of the Earth and lunar space stations wi i 

of on-orMt 8,1 EML su pplysystem. The level 

nesaed to refu8 ' and 
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ni , ™ e p J° p ®U ant alternatives (especially for the LSTS) are 
cryogenic and storable. Cryogenic propellants would likely be stored 
in larae dewars and house re-llqulflcation systems. This type of facility 
could be costly to maintain. An alternative is to use storable propellant 
<i«d. as "MH/MTO). especially for the LSTS, to reduce the storage 
and handling burdens. However, these propellants are not as efficient 
(specific impulses at 300-350 seconds) and therefore larger masses of 
propellants would be required. An alternative to cryogenic storaqe 
is to transport water, store it and electrolyze and liquify the hydrogen 
and oxygen where needed for each flight. Although the electrolysis 
and liquifl cation equipment add additional cost, the water is easily 

and safely stored and the power may be provided from a solar or nuclear 
source. 

1 1 * al , ternat1 . ve To propellant supply from Earth is lunar-derived 

propellants. Oxygen is very plentiful on the Moon, as it is available 

eSrtrt x J 3 es * i al metals * Hydrogen is not abundant. An estimated 

5500 m^ of lunar soil must be processed to obtain 1 MT of hydrogen 

(hydrogen is trapped in the soil from the solar wind). Hydrogen would 

UPP -!f* d lf * 1 ; r5 f Quantities of propellant are needed. 

Increasing the oxidi zer- to-fuel ratio from 6-to-l to 8-to-l may prove, 
advantageous. Alternative propellants have been suggested that use 
1 unar mat . er1a1s and reduce or eliminate the requirement 
?/ai i Propellant systems such as 0 2 /SiH 4 , 0 2 /A1 powder, 

hybr ? d » and 0 2 electric systems are possible, but have P lower 
performance and some production problems (NASA/JSC, 1984c). All of 

these propulsion alternatives have an effect on the mass of lunar supply. 

An EML could be used to supply materials to construct the 

lunar base, including the lunar space station. Piece parts of various 

systems may be delivered by EML and then assembled in lunar orbit or 

taken, to the surface. 

2.3 Solar System Escape Mission 

i Launching high-level nuclear waste to solar system escape 

?cI? C cV e i was _. Mis$ion A The Reference Concept in the Battel le 1982 
E5RL study. The study considered complementing the U.$. nuclear waste 
mined geologic repositories by launching domestic high-level waste (HLW) 
out or the so 1 ar system. Based upon DOE and NASA funded studies, it 

d ®Term1ned that the HLW mission would probably not be a driver for 
( Ri , ce * 19 &2). _ This disposal approach still left a 
the nuclear waste to be buried in the repositories. An 
alternative tc i this concept was investigated during the current study. 
By launching HLW and transuranic (TRU) wastes via solar system escape 
trajectories, the need for mined geologic repositories would be totally 
eliminated, thus significantly reducing the cost of ground-based disposal 
systems. r 

2.3.1 ESRL Mission A Srnaary 

.. i rt «clear waste disposal concept Investigated in the ESRL 
study looked only at launching the high-level waste out of the solar 
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system, while leaving the lower-level and short* 1 ived high-level (Cs 
and Sr) nuclear wastes In underground burial sites (see Figure 2-2). 
This was an effort to compare this method with the so-called "Standard 
Space Disposal" concept, sponsored by NASA Marshall Space Flight Center. 
The standard concept disposed of the HLW in a heliocentric orbit midway 
between Earth and Venus, at 0.8S A.U. In this concept, two spherical 
nuclear waste packages are launched to low-Earth orbit by a 
Shuttle-derived vehicle where they are docked with an orbit transfer 
vehicle and a solar orbit insertion stage. The dual propulsion system 
combination delivers the nuclear waste to its final orbit around the 
Sun (see Rice et al, 1982, for further details regarding the standard 
space disposal concept). 

The ESRL study considered launching the HLW using a rail gun 
system (see Figure 2-3). The ESRL Mission A projectile contained 250 
kg of nuclear waste in cermet form. After reviewing the availability 
of high-level nuclear waste for. space disposal (Rice, et al, 1982), 
the traffic model was established, with a requirement of two launches 
per day to dispose of all the HLW. 

2.3.2 Transuranic Haste 

Transuranic (TRU) waste is that radioactive waste which is 
contaminated with transuranic alpha-emitting radionuclides or U-233 
at levels greater than (traditionally) 10 nano-Curies pe*' gram (10 nCi/g 
or 10 x 10“ 9 Ci/g) of waste. In the early 1970's recognition was given 
to the higher risk to human health posed by the long-lived alpha-emitting 
radionuclides and the Atomic Energy Commission began segregating and 
storing TRU waste for future disposal in a federal repository. Gradually, 
the commercial shallow-land-burial disposal facilities .for radioactive 
wastes ceased accepting TRU wastes. 

The value of 10 nCi/g, was established on the basis that, it 
was similar to the concentration of naturally occurring levels of radium 
in soil. Recently, promulgated regulations by the NRC will permit burial 
of wastes up to 100 nCi/g, if properly packaged and buried in licensed 
burial grounds. This Increased activity level will permit more accurate 
segregation of TRU and non-TRU and will result in some reduction in 
the volume of TRU waste requiring disposal. 

In commercial nuclear power activities, TRU waste is generated 
only by reprocessing spent fuel and by refabricating the recovered fuel 
(plutonium and uranium) Into new reactor fuel. Transuranic elements 
do not occur prior to the fissioning of uranium in the power reactor. 
Defense activities conducted by DOE produce large volumes of TRU wastes 
which are planned to be disposed of in the Waste Isolation Pilot Plant 
now under construction in New Mexico. 

2.3,2. I Reprocessing and Refabricatlon Wastes 

During fuel reprocessing, spent fuel rods are chopped into 
small pieces and the. fuel is dissolved from the cladding by an acid 
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solution. The uranium and plutonium are extracted from the acid solute 
by an organic solvent and subsequently separated into individual streams 
for eventual recovery. The residual acid solution contains the fission 
products and remaining transuranic elements and is* by definition hloh* 

TRU "Jt? J! 1 : "J* Md<0act,ve rtSBr aUh^ a 

iku waste, must be treated and disposed of bv soecial reauiatinnc 

activities^ Th f h 0the t ™ »«•* A«*d li, fffi’SXS? 

activities, which are the subject of this analysis, are contaminated 

with much lower levels of radioactive materials The TRU wastes from 

reprocessing fan into the general Categories of hul Isf f 11te?s D ro^s 

trash, failed equipment, fluorinator ash, ion exchange resins’, Silica 

gel, degeraded solvents, and concentrated liquid^ 

Transuranic wastes in a fuel refabrication olant occur from 
materials contaminated with plutonium which has been recovered frZ 
^ft fuel and which is mixed with uranium to produce mixed oxide fuel. 
Mission product contamination is very low in this waste and oackaaes 

? l 4 s«. ,0W fi S 1 U t t ace d0Se rates - rn*T eateries 9 “ 

and 1 nc 1 nVratnr U «h’ p CS cess tr “ h ’ fai,ed equipment, process 9 liquids, 
tothlso f kI ash * J he ? ssum f d methods for treatment are similar 

to those for the same categories of waste from reprocessing. 

2.3.2«2 Tru Has te Available for Space Disposal. 

Ten treated waste volumes and masses for each category of 

results™™ l^Twfp. refabncated < MTHW >- lt u assumed that 1 MTHMf 

_ . data are calculated from results in D0E/ET-0028 Technoioov 

the RadioaG tive Waste Management, the technical basis for 

the Generic Environmental Impact Statement (GEIS) The uninmac 

and masses are taken directly from the reference source which assumed 

SintI^ r ° C ? SSin ^ P l nt °P eratin 9 at a capacity of 2000 MTHM/yr supplying 
plutonium to one refraction plant operating at 400 MTHM/yr. PP y 9 

2.3.3 Total Mission Suwnary 

nuclear waste disposal mission consists of the 

for* sDdce disoosaV 6 Th ded < t( \ th6 high " leve1 nwlear waste available 
or space disposal. The mission summary is presented. In two tables 

anrtual volumes and masses of HLW and TRU waste for soace 
disposal are given in Tables. 2-14 and 2-15 assuming the scent fJel 
reprocessing projection of Rice, et al, 1982. This projection assumes 
*D a * reprocessing and refabri eating capacity and waste treatment 

capacity are available to meet the predicted rates. 

. . traffic model, which indicates the reguired number of 

launches per year to dispose of the nuclear wasted Is presehTeS In 
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TABLE 2-12. TRU WASTE FROM FUEL REPROCESSING 


Category 


Hulls 
Filters 
Process Trash. 

Failed Equipment 

(and noncombustible waste) 

Fluor.inator Ash 

Silica Gel 

Degraded Solvent 

Ion Exchange Resins 

Concentrated Liquid Residue 

Incinerator Ash 

TOTAL 


mVMTHMp 


0,076 

0.040 


0.045 

0.034 


0.094 


kg/MTHMp 


0.289 


(included in failed 
equipment and ash) 

225 

51 

(2.8 Included in ash) 
(included in ash) 
(included in ash) 
(included in ash) 

2 4 

578 


TABLE 2-13. TRU WASTE FROM FUEL REFABRICATIOH 


Category 

m 3 /MTHMf 

kg/MTHMf 

Filters 

0.025 

16 

Process Trash 

Combustibles to incinerator 

Noncombustibles to failed equip.. 

Failed Equipment 

0.05 

250 

Liquid Residue 

0.045 

89 

Incinerator Ash 

0.022 

5.5 

TOTAL 

0.142 

360 


m 3 /MTHMp 

kg/MTHMp 

Total 

0.03 

72 

Total (both plants) _ 

0.32 

650 
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the HLW and TRU wastssVn thenars 2020^2050. required t0 df spose of 
TABLE 2 ” 16 * RWlf 1 IN ^ hooel 


2020 

2025 

2030 

2035 

2040 

2045 

2050 


Launches Per Yea r 
TRU 


8760 

8760 

8760 

8760 

8760 

8760 

8760 


Total 


9490 

9490 

9490 

9490 

9490 

9490 

9490 


is based upon a^rlsk assessment don! w?ca S * on model summarized above 
jnd. Fried lander, 1982)wh 1C h assuJdamf.iS 198 1982 <«<». inning 

s « « 

the total mission projections to 0.82 <164/20o7of th?oriXrmiSS? 

2.4 Ea rth Escape Mission 

exploration missions i^the Shfrtv-veaSna d «noI° ped for Planetary 
NASA appointed a Solar System ExnloratfL P r nod ** 28 ^° t0 205 °* In 1980 
possible planetary missions fornf 198^ throSgT^ooo S fhf * ^ investigate 
of this committee was to reenmnartH * nrougn zoo °- The primary purpose 
the U.S. planetary s c i en c! n Program strategy to -evitalize 

the first task of the SSEC P which was to d!!Li nd Hlr ), ners ( lg 83) summarize 
and moderate-priced missions" t?p develop a cor4 e program of low- 

Viking-type mission Jhlch many U S scion ?* c,udas the ’W' 
mission, but which the SSEC felt wem f e ' are high-priority 

the basic core program. L?rtheU« th. \«"r Sl Ve t0 be deluded if, 
14 missions to be launched beti«en S iOM h ..i SE £^ r09rai " cons, sted of 
to a launch rate of oreater th« 1 if ? 8 and 20 , 00 * “"ich corresponds 
one lunar, three Mars? Vents and th^f'c i heSe , m1ssio " s Include 
missions, and four to study the co^ts and asteroids'!"’ (, ' ,c,ud1 " 9 Tita "> 

one to foot latnctef pe* UVr^V mrV ry ,aunches t0 ™ge from 
shown below. P year ' The ""sslon model for this study is 
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Model 

Low 

Medi urn 
High 


Launches oer Year 
0.5 
1.0 
2.5 


■a 


yrtSipr tfiss*jsr„*s s.’t.rc 
iK»fl “ SrSAS !*« A STSSJ^ : 

largeT^an't * and supp,e,tent « “ 1th 

2.5 Suborbital Mission jtodgl 

SuborMfai e | eRt tlrft6 * these studies are supported primarily by the NASA 
Suborbital Program with airborne, balloon, and sounding rocket launches 

2.5.1 N ASA Sounding Rocket Program 

since 195 d NASA Th!l aS n™ eP - sounding rockets to launch scientific payloads 

and ea-lv l»?o*s pro A r “ ^ 9rown 1 J. s1ze - P eak1 "9 1" the late 1960 ? s 
fl;! ff‘ y * 1° s * Since then, sounding rocket launches have declined 

The decl'"lne 0 hi 1 s aV h..n t r l> » i ' 1 w ed K at a PP roxi ™»e’y sixty launches per year. 

rates^limHatlons^in^NAM bud^ts?^and°^1na^sed* co^s^due^to P |areer n 

198o'ls^4«n?.T( s °P. h1st1cata<1 Payloads. The launch history through 
it nJ S P resented >" figure 2-4. The decline in sounding rocket launches 

by appl {cations “Im* 's'c’lVntif/c . <,emand ’ as tha <“•»"<<. measured 

srar-A.7Ss ass jrjsr* «— • «• 

«-U SIwIT.Tfi.'SS" *. h,,t ,Krt ' ua ,B l"r..lBut tM 

2.5.2 Mission S unwary 
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followed. There Is no opportunity for the longer viewing times of 
aircraft and balloons with an EML launch. The accelerations of launch 
for sounding rockets and EMLs would be similar, and higher than those 
experienced by aircraft and balloon payloads. 

suborbital mission model for EML launch, during the 
thirty-year period of 2020 to 2050 Is sunmarlzed below: 


Launches oer Year 
50 

100 . 

150 

The projections were considered to be representative of demand for 
suborbital launches during the timeframe In question. There would of 
course be some variation depending upon any new discoveries or technology 
developments which may occur or upon the political climate of the times. 

2.6 Electromagnetic Boost Mission 


Model 

Low 

Medium 

High 


. r*... Mlss1on models are presented in this section for two types 
of EML space applications, where the EML provides, the initial boost 
phase of launch. The first mission is an EML launch of a 

chemically-propelled, rocket to deliver cargo to orbit, the so-called 
hybrid rocket/EML. This mission, which was originally conceived by 

Henry Kolm, is a vehicle concept called the Electro-Scout. The second 
application uses the EML to give an initial velocity to a manned 
si n g 1 e- s tage- to- orb i t vehicle (SSTO) or to a manned Transatmospheric 
vehicle ( TAV ) , a new vehicle concept currently under study, sponsored 
by the U.S. Air Force (Rice, et al, 1933). 

2.6.1 Hybrid EML/Rocket 

Initially, the hybrid EML/rocket was considered only to replace 
the current! y-aval Table small U.S.. expendable launch vehicles. These 
launch vebtdcs. the Scout in particular, primarily launch small 
satellites into low Earth orbits. The demand for small satellites is 

not significant at the present time, and is not expected to increase 
much i n the future. However, if an inexpensive method of launching 
were available, three to ten launches per year could be expected in 

the thirty-year period from 2020 to 2050. 
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,, , 4 t ?r Tnvestigation concluded that a hybrid EML/rocket system 
.could launch the payloads currently studied for the Earth-orbital launcher 
(e.g., space station supply missions). Table 2-3 indicates the mass 
available for launching to orbiting Space Stations. A traffic model 
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Indicating number of launches per year for the available payload (compared 
to the Earth-orbital projectile payload) and is shown in Table 2-17. 
Table 2-18 reduces the traffic model Information to Indicate daily launch 
rates to support the mission model. 


TABLE 2-18. NUMBER OF EML LAUNCHES PER DAY 
' FOR HYBRID EHL/ROCKET LAUNCHER 



2000 

0.7 

1.4 

2005 

1.4 

1.8 

2010 

2.0 

2.2 

2015 

2.6 

3.5 

2020 

2.6 

4.2 

2026 

2.8 

4.9 

2030 

3.2 

5.7 

2035 

3.4 

6.5 

2040 

3.8 

7.4 

2045 

4.0 

8.1 

2050 

4.4 

8.7 

Fifty-Year Average 

2.8 

5.0 


2.6.2 SSTO/TAV Booster 

An EML system was also studied to give a small Initial velocity 
(on the order of 600 m/s) to an airbreathing or rocket system. These 
sytems might include single-stage-to-orblt (SSTO) vehicles or 
Transatmospheric Vehicles. (TAVs). The systems would be manned, and 
therefore require very low. accelerations. 

The vehicles under consideration would, under normal 
circumstances, have a relatively low launch demand (estimated at a weekly 
launch rate). Should circumstances change, the vehicles would be required 
to launch on demand. Therefore, the mission model for TAV/SSTO vehicles 
was projected for the years 2020 to 2050 as follows: 


Model 


Launches per Year 
50 


In this case, the low model (an average of one launch per week) represents 
the expected launch rate. However, the system . should be designed to 
withstand daily launches. 
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2.7 Space- Based Missions 


t. ss££ s? j\ a?. F 2 '!™'*™ «s. •», 


2.7.1 Satellite Kick Systew 


payload schedule? for Si non-NASA ? non-DOD^relmbur^hi 16 ’ 19 i 83 ^ conta7>s 
flown by non-Sdv1et-bloctU^H M waw! bU iS b1e ft ,wyloads - t0 be 
high models are given for twel^ l<lJZ n 1998 ; De . ta11ed > low and 
international, U.S. domesti c and • categories, including 


Category 


U.S. Communications 
Foreign Communications 
U.S. GEO Observations 
Foreign GEO Observations 
Total 


Low Model 

High Model 

107 

143 

98 . 

157 

8 

11 

16 

27 

22 9 

338 


2*T ? I fj*' tKie°»U S lZ°“ Crie^ | S T 3 for the"?™ 

satellite launches ap^'rS Calt !& 

should be B saturater?tth 0 sateYlites°Dla C S U ?n C,t l O i S sate " 1tes *" GEO 
observations missions were nrni.ri-™^ A Ce< ^ 'I 1 - modular platforms. Earth 

same launch Sti, as currently the 
model for a space-bas^d 


Model 


Launches per Year 


Low 

Medi urn 
High 


> 
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U.2 Space-Based Nuclear Baste Disposal 


concent \ C0ncept Described In' 3 Sectf^V 2 & 1 t0 rf^h " Standard Space 

(hlS) p V4 eks? ns- „ m, V * Me, 1 

to solar system escape wlocltf« 1t, "?h/ , «5 tt S i !!' etlc Puncher system 
shielded spherical contaloere to Vi - , ? e t HLW billets are delivered f? 
vehicle. The MIMa *• • ShuttVe-derlved 

? n . joeing, 1982. Each cylindrical biiiaf^uUk same as those studied 
height Of 5.858 cm.) hi/ i m S f (with radius of 2.926 cm apd 

US commercial HLW f&iVa urm 5 0T t -9* Therefore, to disnosp nf a -n 
Xay from the space-based system aV/rL f < arh ? r J t > «•*). MO larches pei 
waste. Disposal of TRU wastes *°, d1s POse of the high-lewl 

considered economically featlhii £ Sectl0n 2.3) in this manner was nnl 

Of Space Shuttle fl'lghVs beCause of ‘he extreme, /Targe numSer 
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3,0 EML SYSTEMS ANALYSIS 

T i 1S 4 seC * t / i0n summarizes the results of the systems analysis 
conducted during the course of this study. Section 3.1 presents the 
m ^ssl0n scenarios and system concept sizings based upon each 
mission payload model. Table 3-1 surnames the payload requtremlSu 

SJh Sl °" d « r1ve<l .f rom In Section 2.0. Additional subsections 
describe other analyses that were performed, including radiation estimates 

pro^ct11e'cons1derat1ons 1 ! ,0a<iS! ’ U “ nCh W1 " d0KS • f,1s,ht nect,iln,cs - and 

3.1 Preliminary Analysis of Candidate Concepts 

doncept slzings wei-e performed for the missions 

shom f in d T»M» S i i tL° !"1 wer< \ b ased upon the payload information 
snown^in Table 3-1. The railgun sizings were done by Battelle in the 

tt that ?°f e in J he P revl0us ESR L study (Rice, et al, 1982). 
sizings for the coaxial accelerator concepts were done by EML Research. 
Inc., under a parallel NASA contract. nesearcn, 

3.1.1 Railgun Concepts 

, too^V 9 * 1 !]! 1 sr 0n ^ S a- f0r s P a ? 6 mission applications were addressed 

1 19 ? 2 . Ba tteJle-ESRL Study (Rice, et al, 1982), and are only briefly 
summarized in this section. The simplest railgun consists of two 

A° n m l U fl C nit n A il W 4 hich are f horted by a. moveable solid metal armature. 
* - 2??f c f J e1d 1 ’ s P roauced ^ tbe electrical current passing through 
the rails and armature. The Lorentz force,. F = Nqu x 8 * i x B, prooels 
a projectile down the bore of the railgun (see Figure 3-1). The solid 
armature is restricted to operation below 2 or 3 km/s, due to the 
fundamental heating limits of metals. 

_ A P lasm a armature may replace the solid armatures for velocities 

suDno^tc ^he plasma is a good conductor, which 

thS P ^i^ the J ^ ressura i necessary to propel the projectile along 
the rails. A problem with plasma armatures occurs durinq the first 

Lri£n S ti! r Jm ° f t r a 1 vel, < wher>e t 5 e Plasma causes erosion of the rails. 
thrnrJwfnl £? e . m , 1s av01d ! d by preboosting; that is, accelerating 
proper ° j Ct1 t0 1 m/s by other means before it enters the railgun 

«... k~ ve ^°city launches, a single energy store system may 

not be appropriate, because longer rail lengths require a very large 
energy store to maintain the current throughout the launch. Also rail 
resistance becomes a problem. Distributed energy storage (DES) is a 
potential solution. Energy stores are distributed along 9 the' length of 
2* "««?■» is switched into the rails as the projectile travels 

I? 6 * b0re i* ^ w,tc bing becomes a much larger problem for DES railguns 
than for single-stage systems, where the switching is done at the beginning 
of the acceleration, where it is the simplest to Accomplish. 9 9 
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TABLE 3-1. EML PAYLOAD REQUIREMENTS SUMMARY 



m 


I 


Roil (Electrode) 


Projectile 


S f me . c ? nc * ern ,. has been expressed that, because of the high 

not^bl Ahu q th re ct/i r I| r *u” t0 “ Space ra i^9 un operation, the bore wou?d 
PrU these , volta 9es. Table 3-2 (excerpted from CRC 

tbe s P a r k S a P lengths for different peak voltages 
lenat^s u? ti* tJ^I® P 0 !? 4 electrodes). These are the spark gap 
of'Sftff’ev" iL kJ h6 * abl ® Vacates tha t, when operating at a voltage 
of 100 kV, the bore of a railgun must be greater than 15.5 cm to avoid 
arcing between the rails. For the Earth-orbital railgun (Section 4 2) 

»? e m 5™ f , V , 0 ’ ta f 1s * 5 kv a " d »>« diameter Is 1.0 wSlch Is m ortli 
of magnitude above that required to avoid arcing. It should be noted 

* 4he ® nviron,nent Inside the railgun would be different from 

» SnSES?, anticipated^'*’ bU * WltH ^ orL-of- m ,e «5! 

in Table 3- V 9U \h^« n each . . of the eight missions are summarized 

3.1 10 * 3 3 * Th6Se concepts are discussed in Sections 3.1.3 through 

— Coaxial Electromagnetic Accelerator Concepts 

cons i deration ? f ® lec tromagnet1c launcher selected for 

2uniai r i ti(M ! i in th \ s study is the coax ial electromagnetic accelerator. 

coax l al accelerator concepts which could be used to perform space 
missions are briefly discussed here and in Section 8.0. For more detailed 
discussions, refer to Appendices D and E and to Mongeau, 1981. 

nwHanMi/ JL 0 ?, xU l el ectromagnet1c accelerator operates by passing a 
projectile coil through a drive coil. Figure 3-2 illustrates the 

aradll2t ShlP Tho et, ?hr proJ , ec VJ e , co11 P° s1t1on and the mutual inductance 
g adlent. The thrust of the launcher Is proportional to the mutual 
inductance gradient and is given by the equation: 

r • f 

dz p d 
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TABLE 3-3. RAIL6UN CONCEPT SIZIN6 SUMMARY 
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External concept 

Rail stress one-half of the allowable stress for AMZIRC 



FIGURE 3-2. MUTUAL INDUCTANCE GRADIENT AS A FUNCTION OF PROJECTILE COIL POSITION 






where Ip and I<j are the currents In the projectile and drive coils 
respectively. As seen In the figure, the thrust reverses direction as 
the projectile coil passes through the drive coll. One method of 
alleviating this problem is to use a sinusoidally oscillating drive coll 
current. The current would be synchronized to coincide with the travel 
of the projectile coil through the drive coil. 


TABLE 3-2. SPARK SAP LENGTHS FOR NEEDLE POINT ELECTRODES 


Peak Voltage (kV) 


Length of Spark Gap 
for Needle Point 
Electrodes (cm) 


0.85 

5.20 

15.5 

26.1 

35.7 
45.2 

54.7 




F 
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The major advantage of the coaxial launcher over the rail gun 
is that projectile stresses may be reduced by adding multiple projectile 
coils. This allows the stresses to be distributed along the projectile, 
so that it may be much longer than a railgun projectile. 

,, " mass d,river " is a discrete-coil coaxial launcher which 

allows the projectile to be pushed and pulled through the drive coil 
region. Figure 3-3 shows a section of a discrete coil accelerator. The 
current is fed into the projectile coil by a set of brushes. Two mass 
driver prototypes have been fabricated. Mass Driver 1 was built at 
Massachusetts Institute of Technology in 1976* This launcher accelerated 
a 0.5 kg projectile to 800 m/s through a 2-m length. 

Brush-commutation, will not work above certain speeds, so for 
higher velocities, induction is used to introduce currents Into the 
projectile coils. The pulsed induction accelerator was first demonstrated 
in the USSR by Bondaletov in 1978. A 2-g projectile ring was accelerated 
to 5 km/s. Pulsed induction launchers only operate in the "push-mode" 
since the drive coil Itself induces the current. One advantage to the 
induction methods is that no mechanical contact is necessary between 
the projectile and the drive coil barrel, so there can be effectively 
no wear of the system. 
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PRESSURE BULKHEADS 


FIGURE 3-3. DISCRETE COIL LAUNCHER 
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Source: Appendix D 


STRUCTURAL ABLATION SHIELD 
(CARBON-GRAPHITE COMPOSITE) 


FIGURE 3-4. SELECTED REFERENCE DESIGN LAUNCHER 
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Another coaxial accelerator concept is the helical rail gun. 
Instead of discrete drive coils, a continuous helix is used. Brush 
commutation feeds the excitation current to the projectile coils. MIT 
demonstrated the concept in 1979 when 4.5 kg gliders were accelerated 
to 60 m/s. 

The coaxial EML concept selected for this study by Henry Kolm 
and Peter- Mongeau (see Appendix D) is Illustrated in Figure 3-4. The 
reference coaxial launcher is a combination of the discrete-coil 
pulsed- induction accelerator and the helical railgun configurations. 
As with the induction accelerator, the projectile coils are excited by 
induction, not by mechanical contact; and like the helical railgun, the 
concept uses a continuous winding instead of discrete coils, so that 
most of the commutation energy is stored in the winding rather than in 
the commutation capacitors. The drive "coils" consist of a continuous 
helical winding of rectangular copper-alloy wire. Instead of discrete 
coils. Each turn or set of turns is individually commutated by switches, 
such as solid state or triggered vacuum gap switches, so that an energized 
segment consisting of several turns (4 to 16 depending upon the mission 
under consideration) is synchronized to travel with the projectile. 

The projectile coils, are solid copper or aluminum rings 
distributed along the projectile at approximately one radius apart. These 
coils are imbedded in a non-conducting composite, which would also serve 
as thermal protection and structure, as recommended, by Kolm and Mongeau. 

The drive barrel and the projectile are in mechanical contact, 
but no electrical contact occurs. The current is induced from the drive 
coils to the projectile rings. 

A summary of the coaxial launcher concepts for each mission 
from Appendix D is shown in Table 3-4. The preliminary si2ing. was done 
by EML Research, Inc., and is documented in Appendix 0. 

3.1.3 Earth- to-Orbit EML System 

The Earth-to-orbit EML system would launch bulk materials to 
low-Earth orbit. Materials which were studied include Orbit Transfer 
Vehicle (OTV) propellants (in water form). Space Station supply- 
reouirements (life support consumables, spares, and other miscel saneous 
items), and raw materials for processing in space. Concept options are 
Illustrated in Figure 3-5. 

The operational scenario for this mission begins at the 
projectile/payload fabrication plant. The projectile, propulsion system, 
and in some cases, the payload would be integrated before shipment to 
the launch site. At the site, the projectiles would be stored until 
time of launch approaches. Water payloads would be supplied by the water 
plant at the launch site. 
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t dus * t> r1or ^ aunch » the projectile/payload would receive 

The 3 D ro^t?i U o be , 1oaded 1nt0 the electromagnetic launcher 

The projectile would be accelerated to the .6.85. km/s launch velocity 
before leaving the muzzle of the launcher. velocity 

5?* acC6 J®ration limit of launch was set at 2500 g's; however 
1225 g V 2 ° 40 ~ m launcher env *sioned the acceleration is approximately 

Sdoo ka fn°S» a J!5 i 1c i d df * 650 k 9* the total projectile mass would be 

In^the Z ZZ'TlL ^o° the 
acce,erat,on lMds 1nt ° 

20 ® fht ^ ar th-to-orbit system would have an elevation angle of 

th JJ°: Z ° nUU * T h6 lends itself we11 to a launcher system 
a 'j”9 tbe . s . 1de a mountain, saving construction costs of digging an 

underground launcher tube 2040 m in length. 99 9 

th« <n a ^° n £J™ b1 * m J2 r th * near-term Earth-to-orbit EML launcher is 

thf wf b ] Z r ? quirement of 28.5° inclination. To supply 

the Space Station* a launcher at 28.5° latitude could launch once oer 

fy ,1° P’*“ J ts f £* yl , Md . near the 5 tatl0n - ^ the systemwereplacld 

at the equator, two launchers per day could be possible; however two 

i a “;5 her w tub6a m o $t be built— one pointed toward the Station on’ its 

Se^e Tn a T paSS * If the Station 

*®r? ™ a 0 inclination orbit, the station could be supplied on every 

n£ b *oo i, paSS ^h by an senatorial -based EML system. For an orbital altitude 
of 500 km, the period is approximately 1.6 hours. This corresponds to 
a maximum launch rate of 16 pgr day to a single Space Station.. . 

If significant savings could be shown using an EML system based 

tb ® T e A uat K° f * NASA ml9hb COnsider a Space Station in an y equat5?ial 
orbit. This however is not foreseen in the near future. ^ 

3.1.4 Earth- to*- Orb i t Hybrid Launcher 

. . i . r EML/rocket. launcher was envisioned to launch carao 

Jjj? cMM Ea r tb drblt using the same mission model as the Earth-to-orbit 

(all EML) launcher. The EML in this case would replace the rocket's 

l largest) stage by providing a velocity boost of 2 km/s from 

J b ®/ arth s surface. c ° nc ®P t options for this and other electromagnetic 
boost concepts are Illustrated in Figure 3-6. 9 c 

... e..^ 1 ® bybnd system operational scenario is described here. At 

and loldti *"£<*** manu f act V r1n 9 T . P lant » the motor cases wquld be built 
the lanrtrh SJ? P r0 P e t . The motors would then be transported to 
the launch site by rail or a comb illation of rail and ship# deoendina 

1n°storage^ ocat1on of the s1te - u P° n a^val* the motors would be placed 
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The payloads would be delivered separately to the launch site 
and stored until launch time. Before launch, the motors would be stacked 
and the payload Integrated. The assembled vehl cl e/pro jectlle would be 
loaded Into the electromagnetic launcher. All launch systems would be 
readied, and countdown begun. When the vehicle leaves the muzzle, it 
would be traveling at 2 km/s. Trajectory simulations Indicate that, 
for maximum performance, the first stage of the rocket would fire after 
16 to 20 seconds, and the vehicle would continue along Its trajectory 
to low-Earth orbit. 

A mass of 16,000 kg was initially selected for the rocket. Peter 
Koren of Thiokol was consulted to preliminarily size a three-stage rocket 
(because of the better -performance compared with two-stage rockets). A 
total AV of 9.45 km/s Is required for Earth-orbit Insertion, with 7.45 km/s 
of this requirement supplied by the rocket and 2.0 km/s supplied by the 
EML . 


The rocket was Initially sized for steel cases with a mass 
fraction of 0.88. The mass breakdown was as follows: 


Stage 


Propellant Mass (kg) 


Stage Mass (kg) 


Later, a brief analysis was conducted to see if a 15,000 kg 

rocket was acceptable or If another vehicle size would be more appropriate. 
A preliminary comparison of various masses of 3-stage solid-propellant 
rockets was conducted using Battelle's Launch Vehicle Performance Program. 
This computer program Is used for advance planning purposes to analyze 
launch vehicles. Thrust, Ign or mass flow rate, burn time, and motor 

jettison masses are entered for each motor. Payload and payload adapter 
masses are input; payload shroud mass and time of shroud jettison are 

entered as well. Coast times are assigned by the user to further define 
the trajectory. The program computes two-dimensional and three-dimentional 
trajectories and performance reserves. An iterative process is used 
to calculate the maximum payload for a given vehicle configuration to 

a defined orbit from a defined launch site. 

Battelle^s Launch Vehicle Performance Program was run for varying 
masses at two initial boost velocities (2 and 3 km/s). Coast times between 
burns were allowed to vary from vehicle to vehicle to determine the maximum 
payload capability. The results are shown In Figure 3-7 for input 

conditions of 290 sec Ig* (typical solid propellant rocket), 88% stage 
mass fraction, and final circular orbit altitude of 500 km. 
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four representative points were chosen off the payload curves 
to calculate railgun launch parameters as a method of comparison. The 
four cases are: 


2. km/s 


(1) 

\!>»000*kg launched mass 
(resulting maximum payload * 

with 
800 kg) 

EML 

AV 

(2) 

15,000* kg launched mass 
(maximum payload ■ 1250 kg) 

with 

EML 

AV 

(3) 

20,000-kg launched mass 
(maximum payload - 1080 kg) 

with 

EML 

AV 

(4) 

20,000-kg launched mass 
(maximum payload - 1650 kg) 

with 

EML 

AV 


3 km/s 


2 km/s 


3 km/s 


For all cases, 100-g acceleration was assumed. The results of the brief 
investigation are tabulated in Table 3^5. 



TABLE 3-5. CALCULATED RAILGUN PARAMETERS 
FOR SELECTED HYBRID CASES 


Parameters 

Minimum Length (km) 
Acceleration Time (sec) 
Force (MN) 

Current (MA) 

Launch Kinetic Energy (GJ). 
Peak Power (GWe) 

Peak Voltage (kV) 


Case Number 
2 3 


2.04 

4.5 

2.04 

4.S 

2.04 

3.0 

2.04 

3.03 

14.7 

14.7 

19.6 

19.6 

7.67 

7.67 

8.85 - 

8.85 

30. 

67.5 

40. 

90. 

58.8 

88.2 

73.3 

117. 

7.67 

11.5 

8.85 

13.3 




One of the parameters calculated by the Performance Program 
is the kick angle (the angle through which the launch vehicle "kicks 
over", usually during the first stage burn). This angle was used to 
define the necessary elevation angle of the mountain launch site. For 
the EML hybrid system, the minimum elevation angle was 35 degrees. This 
angle is fairly high for most mountains, but it was felt that there may 
be mountains with this elevation angle, over a 2-km length. 

At the defined acceleration of 100 g's, the length of an EML 
system Is 2 km. Inside bore diameters are 0.8 m for the coaxial 
accelerator and 1.2 m for the railgun. 

For the coaxial accelerator concept, the projectile colls could 
be imbedded inside the motor cases during fabrication. For the railgun 
concepts, a sabot with conducting armature would be placed at the rear 
of the projectile. 
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For the same launched mass, increasing the boost velocity from 

resuYtlno 0 in doubl , e< * the energy requirement, while only 

resulting in a 50% gain in payload mass. The energy- to-payload-mass 

ratios are approximately equal for cases with the same boost velocities; 

iith tZ C i a fono u 3 ?"? fo lM*** 2 T and 4 ‘ ]* was decided to continue 
with ^the 15,000- kg rocket vehicle. The decision was based in part on 

Jf? 0 d e ft n mass < the ] ower * th8 better fQr near-term EML development). 
Also, 800 kg was felt to be an acceptable payload capability; for 
comparison purposes, the Scout launch vehicle is capable of placing 235 kg 

ifSsed (Sought I980)° rbit ^ 1t$ Sma1l6r 0 ‘ 86 ’ m d1amet6r heat sh1eld 

3.1.5 Lunar Supply Launcher 

The EML lunar supply launcher was envisioned to supply necessary 
consumables and 0TV propellants to a manned lunar base. The 

S wa L Se ec , te 0 d as the J nit<a1 operating capability for such an 

EML system. Figure 3-8 presents lunar supply concept options. 

. for preliminary sizing purposes, the . Earth-to-orblt projectiles 
were used. Maximum acceleration was set at 2500 g's and the launch 
velocity set at 12 km/s (reference Section 3.6). These requirements 

correspond to a minimum launcher length of 2940 m. q 

yeally* the lunar supply launcher would be located at the 
S h # an h!nT’ d be placed vertically, A 3- km long vertical launcher 

XmR." zt s, " ,iiar to ti,at used <n the esrl 

_ ^ The projectile would be fabricated in the United States and 

transported by ship or aircraft to the equatorial launch site. Water 

5!!* f adS , w0 . uld be s U ppi lec j a t the launch site; other payloads (food, 
for example) would be transported by air. v 

. D . Launch support facilities would be similar to those defined 

launch^ Velocity 1982 for the ESRL s > stem whl ‘ch was sized for a 10-km/s 

iito . One major problem of the lunar supply launcher is the large 

amount of auxiliary propulsion which must be carried for midcourse 

2232 °?ft j U H ar ° i K b1t * nsertion ‘ and » ** required, lunar landing, 
section 3.8.3 describes the propellant requirement necessary and. shows 

that a payloao of approximately 50(1 kg would be possible for lunar-orbit 
insertion when using the Earth- to-orbit projectiles. 

Assuming a . launch capability of one launch per hour (one on 
either side of a daily launch window), 12 launches would be possible 
per month (144 per year). With a maximum payload mass of 500 kg, this 
corresponds to a maximum yearly payload delivery of 72 MT. If a launch 
every half-hour were attainable, 18 launches per month could be possible 
i ms would correspond to a maximum yearly delivery of 108 MT of payload. 
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FIGURE 3-8. LUNAR BASE SUPPLY OPTIONS 
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3.1.6 Sola r System Escape Launcher 

u s r 4 and ^ahsuranlc (TRU) nuclear wastes produced by 

flhn C i )mme A Glal <? nu fJ ear power P 1artts would be sent to a waste^ processing 
facility (see Section 2.3 for discussion of TRU waste processino and 
Rice, et. al . , 1982 regarding high-level wastes). This facility ^wouin 
be located In the United States 9 and would perform a dual fuJrtloTiJ 
processing the waste and fabricating the projectile. The waste would 
St0red a number of years before becoming part of the projectile 

are C presented°"n } L ^ 

thln ld f J \l /Ts^h i c ke r for* the^higM eve? “JS 

than for the TRU wastes, because of the higher levels of radiation 

materials pro t Vl ^ d b * the sMeld - CarbotcaJbon 

nritlr?]«n 1 app1 \ ed to the outside of the projectile for thermal 

«i li5a,S. C “ e '* beHeVed t0 bS r **l u,re<1 t0 withstand 

island^ launch XX rfM^henT VUTtKE % Z JSS 
site, the projectiles would be placed In a storage and checkout facility. 

At launch , time, the projectile is loaded into the fmi cu C t flm 

at d, 20 W km/s t tn J*“ n< * e r. ' s ^ a<fy for ’bunch, the projectile Is launched 
of this conc^t' scenario * r SySte ”' Ff ^ re 3 ^ 10 Provides an overview 

launch accelerations, ^lO.OOohg'Vlras^t a^^tte^accelelstlon^Mn^t ** Zt 

corresponfs to a launcher length of 2.0 km! Sse rf thi length if 
the launcher,, the vertical launch requirement* and the ^safetv 

needed? r4tl ° nS * *" under9round launch system on a. remote location is 

u s r rt mmel°^?i S S° S ia* 0f a11 th ? h1 9 h ‘ Tev «1 and TRU wastes produced by 
U.S. commercial nuclear power plants, 26 launches per dav are nece***™ 

at^ minimum ‘ h And IS UnCh window * Four la ««cher tubes would be required 
L%rvr% and tbe , p ° wer requirements would need to be Increased over 
the ESRL requirements (Rice, et al, 1982) to provide for one launch everv 
15 minutes (one launch per hour per tube). y 

3.1.7 Earth-Escaoe Launcher 

The Earth-escape launcher would be used to launch olanetarv 
explorers and probes. A payload mass of 600 kg was believed to be larae 
enough to provide an adequate payload, yet at the same time alinw^* 
reasonable projectile mass. The projectile would consist of the 600- kg 
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FIGURE 3-9. SOUR SYSTEM ESCAPE AND EARTH ESCAPE OPTIONS 
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payload, a small auxiliary propulsion system for mid-course guidance, 
structural support for. the payload and propulsion system* stabilization 
fins, and a tungsten nose cone to. withstand atmospheric flight during 
the 20 km/s launch velocity. Figure 3-9 Illustrates the concept options. 

An acceleration limit of 10,000 g's was set to provide reasonable 
launcher lengths. At a launch velocity of 20 km/s, the minimum length 
would be 2040 m. The coaxial accelerator would appear to be more 
attractive for this case, because the acceleration loads could be 
distributed along the projectile, saving a significant amount of structural 
mass. Preliminary conceptualization yielded projectile masses of 2055 kg 
for a railgun system and 750 kg for a coaxial accelerator system, with 
the major difference being structural mass. 

The Earth-escape launcher would be placed vertically and 
therefore would require an underground site to support the system. The 
launch velocity must be variable to accommodate launches to different 
planets and solar system locations (12-20 km/s velocities were envisioned, 
see Section 3.4 for details). 

3.1.8 SSTO/TAV Booster 

The Transatmospherlc Vehicle ( TAV ) and Single-Stage-to-Orbit 
(SST0) vehicle are concepts studied by the USAF (Battelle, 1983) and 
NASA (Jackson, 1983; Eldred, 1984), respectively. Most of these vehicle 
concepts utilize rocket propulsion, although airbreathing propulsion 

is being considered. The various concepts range in mass from about 500,000— 

to 5,000,000 kg. . Concept options are shown in Figure 3-6. 

The design goals for the TAV are to use a fully reusable, 
horizontal takeoff, single-stage vehicle (with ground assist) to deliver 
9100 kg (20,000 lbs) of payload to a low polar orbit. The vehicle must 
be ready to launch within 5 minutes following an alert with turnaround 
time to allow 2 launches per day. The TAV operational requirements are 
summarized: manned operation; minimal ground support; horizontal takeoff 

and landing; flexible basing; and adverse weather operations. During 
the Phase I USAF/ASD study conducted by Battelle, 14 TAV concepts were 
evaluated. Of those, six were considered in the class of 
"single-stage- to-orbit" type systems and. three used ground-assist sleds 
of various types. These systems would be excellent candidates for EML 
use for the initial boost. 

The civilian SST0 goals and requirements are similar but less 
severe. Ground support and quick turnaround time are not as critical 
and the use of dedicated, vulnerable launch facilities are not critical 
issues. 
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The projectile (vehicle) mass was set at 900,000 kg for this 
Since the vehicle will be manned, a 5-g acceleration limit was 
was felt that an initial velcity boost of 500 m/s was sufficient 
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to Uunch the vehicle. This led to EML system lengths which are of the 
order of existing aircraft runways (2.56 to 3.83 km). 

in,.* * I he , ra i 1 9 un concept presented here for a TAV/SSTO launch is 
illustrated in Figure 3-11. The projectile/vehicle sits on top of a 
solid sliding armature. The vehicle for the coaxial accelerator concept 
i / u *P on f support structure containing a saddle-shaped projectile 
coil (shown in Figure 3-12 and on page 82 of Appendix D). The support 
structure slides along the length of the drive coils. 

3.1.9 Suborfaital Launcher 

For most of the missions described in Section 2.5 (atmospheric 
soundings, astronomy experiments, and reentry tests), a vertical or near 
vertical launch is preferred over a 20-35° launch. A mountainous site 
is then eliminated, with an underground facility the likely siting. The 
various concept options are shown in Figure 3-13. 9 

. . , Payloads would be manufactured under the guidance of the 

principal scientists. They would then be sent to the projectile 

manufacturing facility for integration. The combined projectile/payload 
would be sent to the launch site for final checkout before launch. 

The projectile was sized as a scaled-down Earth-orbital 

projectile. A 225-kg projectile was envisioned, with a square sabot 
32.5 cm on a side. The projectile itself would be 38 cm in diameter, 
with a projectile/sabot length of 1.2 m. 

...... f ails would be from 510 to 765 m long depending upon whether 

distributed or single energy storage was used. With these lengths and 
a nearly vertical launch angle to suit most mission needs, the launcher 

tube would most likely be placed underground to provide structural 
Strength* 

. T „ h f Project 1 '® «« also sized at 225 kg In mass, with 

a payload of 160 kg. The projectile would have a diameter of 20 cm and 
length of 2.8 m. 

Although launch site flexibility is highly desired for most 

haJp S hp/n mis$10ns * 56% of the US sounding rocket launcnes 

K cJ? 6 t™? tw ° locations, with another 141 from a third site. 

An EML suborbital launcher tube would obviously be fixed* because of 
its large size and many supporting systems. 

3.1.10 Space-Based Systems 

hnfh c a „* J* kL s f op *j thl f s * ud JL encom P a ssed space applications for 
both Earth-based and space-based EML systems. Two orbiting space-based 

systems were identified and are described in this section: satellite 

Mck system and high-level nuclear waste disposal system. Concept options 
for both missions are presented in Figure 3-14. K H 
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Required velocity impulses are smaller from orbit than from 
the Earth's surface. The minimum solar system escape velocity from Earth's 
surface is 16.7 km/s (no drag included)* while this number is reduced 
to approximately 10 km/s with a low-Earth orbit launch (Section 3.3). 

Orbiting space^based EML systems have several inherent 
disadvantages when compared with Earth-based systems. One disadvantage 
is construction cost. For near-term operation* the equipment must be 
built on Earth and delivered to orbit via the Space Shuttle. For long 
launcher tubes, this may be expensive because of the many Shuttle flights 
required for assembly (the dimensions of the payload bay are 10.3 m long 
and 4.5 m in diameter). 

Another disadvantage is Newton’s third principle: for every 

action, there is an equal and opposite reaction. For the launcher to 
maintain the orbit* a sizeable impulse is required to balance every shot 
or series of shots. Drag makeup and attitude control would also be needed* 
which would incur additional propulsive maneuvers. 

3.1.10.1 Satellite Kick System 


The first space-based EML delivery system is a satellite kick 
system which would replace the need for an OfV or large upper stages. 
The EML satellite kick system would be based as an orbiting Space Station. 
This Space Station is envisioned to be in a 500-km circular orbit at 
28.5* inclination to facilitate delivery to and from the Station by a 
Space Shuttle or derivative. 

Because the launch rates would be low (one to two launches 
per month), the Station need not be a dedicated facility. A nuclear 
power plant could be . used both to power the EML system and to supply 
needed Station power requirements. Thermal radiators would be used to 
dissipate generated heat into space. A storage module would be required 
to store the satellites after Shuttle delivery to orbit before the 
designated launch dates. 

The Space Shuttle would deliver the satellite payload to the 
Space Station, where it would be stored until time of launch. At that 
time, the satellite and its supporting systems, would be checked out. 
The payload would be loaded into the breech of the launcher and launched 
to its required velocity (up to 2.5 km/s). When the proper velocity 
1$ reached, the payload would be released from Its amature/drlver and 
continue towards Its destination. To avoid orbital debris problems and 
to maintain high reusability* a deceleration system is required for the 
driver mass. 

The minimum velocity needed to place the satellite system into 
a. geosynchronous transfer orbit with perigee altitude of 500 km is 
2.36 km/s. This minimum velocity was calculated assuming a Hohmann 
transfer from 500 km altitude. The eccentricity of the transfer orbit 
is 0.72, leading to a velocity of 9.97 km/s required at perigee to sustain 
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the transfer orbit. The orbiting EML system is traversing around the 
Earth at 7.61 km/s * the satellite therefore needs an additional 2.36 km/s. 
Lower apogee altitudes require smaller velocity Increments. Therefore, 
the system was sized for velocities up to 2.5 km/s; the actual velocity 
per shot would depend upon the desired orbit. This Single Impulse system 
would only provide the AV required to put the satellite Into an elliptical 
transfer orbit. The satellite would need to have an attached small 
propulsion system to Circularize at the apogee altitude, if this Is 
required. Again assuming a minimum energy HOhmanrt transfer, 1.5 km/s 
would be required for circularization at GEO altitude 

The payload. consists of the satellite and its supporting systems. 
Preliminary analysis Indicated that to be competitive with other systems, 
a useful payload mass of 5000 kg and a minimum payload diameter of 2 m 
was needed. An acceleration limit of 1000 g's was placed on the launcher 
system. This limit was considered to be high, considering the delicate 

nature of many satellites, but was needed to limit the length of the 

system. 

Two types of railgun systems were envisioned (Figure 3-15). 

A large solid metal armature was used in both cases. The first 

configuration has the satellite riding on a support structure on top 

of the armature external to the railgun. This concept has some obvious 
structural problems to overcome. The off-center-of-gravlty loads may 

become severe when traveling at 2.5 km/s, and could damage not only the 
satellite support structure but the rails themselves. An advantage of 

this concept is that the bore need not be as large as 2 m In diameter. 

The satellite was launched "conventionally'' in the railgun 

bore In the second concept. The armature acts as a pusher plate behind 
the satellite. This method eliminates the structural problems associated 
with the. external satellite, but increases the diameter of the bore to 
at least 2.m. 

Both railgun concepts assumed a single energy store, for ease 
of assembly and maintenance. This increased the length of the rails 
from a minimum of 320 m to 480 m. If only one rail segment at a time 
could be transported by Shuttle, this corresponds to at least 27 flights 
to deliver the rails, alcne, . and more would required to deliver the rest 
of the launch system. 

The coaxial, accelerator concept consists of 319 m of drive 
coil* The drive-coil inside diameter is 57 cm, which 1$ very small for 
a satellite system. For comparison, the Delta launch vehicle shroud 

Is 2.4 m (8 ft) In diameter. The Scout heatshlelds are- 1.03 m and 0.86 m 
in diameter. 


3.1,10.2 Space-Based Nuclear Waste Disposal 

The projectile consists of a small unshielded high-level .waste 
(cermet waste form) billet encapsulated In an Insulator/sabot. The billet 
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FIGURE 3-16. HASTE FORM GEOMETRY 


TABLE 3-6. RADIATION DOSAGE AS A FUNCTION OF DISTANCE 

from the haste form projectile 
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Figure 3-18 Is a similar plot for a worst day of the year (at 
either equinox). On these dates* the actual launch window would be reduced 
to about 12 minutes on each orbit, or approximately 3.2 hours per day, 
for the 10rkm/s launch velocity. 

Although the launch of payloads to solar system escape appears 
reasonable from a launch velocity standpoint, consideration must be given 
to the fact that reactive impulse would be Imparted to the launcher, 
equal and opposite to the Impulse applied to the projectile. To maintain 
the orbit of the launcher* a sizeable corrective impulse would be required 
after each projectile launch. 

3.4 Launch Window Analysis for Solar System Probes 

For payloads launched to destinations within the solar system, 
only vertical launches from the Earth's surface were_jexam1ned. 

To compare solar system probe launches to solar system escape 
missions. It Is obvious that solar system probes will require lower launch 
velocities. However, the solar system probes are constrained to deliver 
a payload to a particular destination. For flights to the planets* the 
geometric constraints are formidable for a. fixed launcher. The analysis 
of launches to specific planets was considered to be beyond the scope 
of this effort. Instead, the analysis was confined to simply establishing 
the launch requirements for delivering probes to various distances from 
the Sun. 

For destinations outside of the Earth's orbit, vertical launches 
occurring near 6 a.m. will make maximum use of the Earth’s velocity. For 
destinations closer to the Sun, launches near 6 p.m. will be properly 
aligned to subtract most effectively from the Earth's velocity, thereby 
achieving the smallest perihelion. 

Figure 3-19 shows both cases for an assumed launch velocity 
of 16 km/s (no drag penalty included). The aphelion possible on art optimum 
day is seen to be over 20 Earth orbit radii from the Sun. As in the 
case of solar system escape payloads, the optimum days are 90 days after 
each equinox. On a worst day, the same launch velocity could stil.l_produce 
an aphelion beyond the orbit of Saturn. 

For probes nearer the Sun, a worst-day launch would provide 
a perihelion inside the orbit of Mercury, while an optimum day would 
permilLA._per1helion of less than 0.25 Earth radius from the Sun. 

Figure 3-20 confines attention to probes, to the outer solar 
system* and shows aphelion as a function of launch velocity for 6 a.m. . 
launches. Although flight times to aphelion are not shown, these times 
can be quite long for these minimum-energy trajectories. For the cases 
shown, the flight time to the orbit of Jupiter would be about 2 years 
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for the launch velocities indicated. For destinations near the orbits 
of Saturn and Uranus, the flight times would be about 4 and 11 years, 
respectively. 

3.S Analysis of Requirements for Launching Payloads to Earth Orbit 


3.S.1 Apogee Motor Impulse Requirements 

. , . * The use of EML concepts for placing payloads in circular 

equatorial orbits was investigated parametrically to determine the launch 
velocities and apogee motor impulse requirements as functions of orbit 
altitude and launch angle from the horizontal. 

Figure 3-21 summarizes the results. For simplicity, and in 
keeping with the exploratory nature of the study, atmospheric drag was 
neglected in computing the launch velocities. 9 

, . , In Fi 9 ur ® 3-21, the solid lines are contours of constant launch 
velocity (provided by the EML) and the dashed lines are contours of 
constant apogee motor impulse required to circularize the orbit (provided, 
of* a * n on “t > °® rd propulsion system). For vertical launches to the lower 
altitudes, the apogee motor requirements are clearly prohibitive. 

3.S.2 Range Safety Limitations 

A further limitation appears if range safety aspects are 
considered. The payload must be protected at launch by a rather massive 
smejd. The shield will then separate from the payload and will remain 
in the transfer orbit. It will then return to Earth and impact at a 
location dependent upon the apogee altitude and the launch angle. 

. T J e longitude of the shield impact point, relative to the launch 
site, is shown in Figure 3-22. For vertical launches, the shield would 

always appear to draft toward the west, to an observer at the launch 
site. 

- Figure 3-23 displays the same information, but specialized 

for an equatoria 1 launch site on the east coast of South America. For 
vertical launches, the shield would fall on the South American continent 
apogee altitudes up to about 10,500 km. For higher apogees, 
shield impact would be in the Pacific Ocean. For this particular site, 
it appears that launches could be made to any altitude (up to 

f!°!?! chf,0 ? 0u ^ a L titu le ) » without impacting any land mass, only for. a 
launch angle of about 5$ degrees from the horizontal. 

* c F * isu ? 3 * 2 t 1s specialized for launches from the west coast 
South America. This would appear to be the most promising launch 
vertical launches, since i* would always result in a shield 
impact in the Pacific Ocean. 
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FIGURE 3-21. APOGEE MOTOR IMPULSE REQUIREMENTS 
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FI6URE 3-22. LONGITUDE OF SHIELD IMPACT. RELATIVE 
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FIGURE 3-23. LONGITUDE OF SHIELD IMPACT RELATIVE 
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3.6 Lunar Base Resupply Mission Requirements for 

Vertical Equatorial EHL Launches 

The Impulsive velocity requirements for the lunar base resupply 
mission have been computed for vertical EML launches from the equator. 
The atmospheric drag penalty has. not been considered* but could, be Included 
as a multiplying factor based on the projectile ballistic coefficient 
as discussed in Section 3. 1.4.3 of Rice, Miller, and Earhart (1982). 

For this analysis, the Earth-Moon trajectory data were obtained 
from direct numerical Integration of the three-dimensional equations 
of motion of the projectile, under the simultaneous Influence of both 
the Earth and the Moon. In contrast, the retro-impulse maneuvers for 
lunar capture or landing were computed by considering only the 
gravitational attraction of the Moon Itself. 

3.6.1 Frequency of Launch Opportunities 

For vertical equatorial launches, the projectile trajectory 
will lies In the equatorial plane, except for small out-of-plane 
perturbations in the near-vicinity of the Moon. Consequently, the arrival 
of the projectile at the Moon must occur when the Moon Is very close 
to the intersection of the plane of the Moon's orbit and the Earth's 
equatorial plane. Since the Moon passes through the equatorial plane 
twice a month, there will be two opportunities per month for a projectile 
fired from a fixed launcher. 

3.6.2 Launch Velocity Requirements 

Because of the distance to the Moon, the minimum launch velocity 
for lunar capture Is only slightly less than Earth-escape velocity. The 
distance to the Moon varies from about 356,400 km to 406,700 km. While 
this variation has only a slight effect on the minimum launch velocity 
requirement, It has a pronounced effect on flight time. 

Figure 3-25 Illustrates the relationships between launch 
velocity, flight time,. and the Impact velocity on the lunar surface for 
direct-impact flights. As seen In the figure, the flight time Is most 
sensitive to variations In the launch velocity when the launch velocity 
Is near the minimum value. The use of these lower-energy trajectories 
would not be appropriate for EML launches because of the flight time 
sensitivity to launch velocity uncertainties. The time of flight must 
be known with precision to launch at the appropriate time to ensure the 
simultaneous arrival of the projectile and the Moon at the line of 
Intersection of lunar plane and the equatorial plane. 

As seen In Figure 3-25, the launch velocity requirements for 
lower flight times (and lower flight time sensitivity) are only slightly 
larger than the minimum. A greater penalty 1$ suffered in the Impact 
velocity as the. flight time Is reduced. The variation in the Earth-Moon 
distance has a pronounced effect on the flight time, but a negligible 
effect on the Impact velocity. 
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Another parameter which was Investigated Is the dihedral angle 
between the orbit plane of the Moon and the plane of the Earth's equator. 
This angle varies between about 18.8 and 28.59 degrees, but the effect 
was found to be Insignificant for the vertical equatorial launches. All 
data shown are for the larger angle, but the effect of a smaller angle 
would not be discernible in the plots. 

3.6.3 Lunar Landing Retro Requirements 

For direct descent to the lunar surface, the Impact velocities 
shown In Figure 3-25 are roughly equal to the retro velocity changes 
required for soft landings. The actual requirements would be somewhat 
larger, but the difference would be small for high-acceleration burns 
close to the lunar surface. 

An alternative scheme would invoke the use of an intermediate 
parking orbit about the Moon. Although the parking orbit mode will require 
a greater total retro capability than the direct descent mode, the 
Intermediate orbit may be a practical necessity to achieve a precise 
landing at the. site of.tho lunar base. 

Figure 3-26 shows the retro impulse required to establish a 
circular orbit about the Moon. For a reasonable range of orbit altitudes, 
the retro requirement Is almost Independent of orbit altitude, but depends 
primarily on approach velocity to the Moon which. In turn. Is a function 
of launch velocity. The variation of the Earth-Moon distance is not 
significant. 

To achieve a landing from the parking orbit, two techniques 
could be used. In the first, one retro Impulse would be used to leave 
the parking orbit and the projectile would be permitted to Impact the 
lunar surface in a hard landing. Figure 3-27 shows the relationship 
between the de-orbit impulse and the resulting velocity at the surface. 
The minimum de-orbit impulse would produce a grazing, horizontal impact 
while the maximum Impulse would permit the projectile to fall vertically 
to the lunar surface. 

For a soft landing, the alternative scheme would use an 
additional retro burn just prior to Impact. The magnitude of this third 
retro Impulse Is approximated by the velocity at the surface as shown 
in Figure 3-27., 

The total retro requirements for a soft landina are. summarized 
In Figure 3-28 as a function of initial launch velocity at the Earth, 
the parking orbit altitude, and the relative magnitude of the de-orbit 
Impulse used to depart the parking orbit. For each orbit altitude, the 
upper limit of the band represents the vertical fall to the lunar surface 
(maximum de-orbit Impulse), while the lower bound corresponds to the 
grazing approach. The accuracy of the landing would be greatly enhanced 
by using a steep descent to the-surface. 
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3.6.4 Launch Windows 

As mentioned In Section 3.6.1* there will be two occurrences 
each month In which the Noon passes through the Earth's equatorial plane. 
In each event* the establishment of a satisfactory trajectory demands 
close control of two angles* measured at the time of launch. 

The first angle Is measured in the plane of the Moon's orbit, 
and specifies the position of the Moon* at launch time, from the line 
of Intersection with the Earth's equatorial plane. The desired angle 
is directly proportional to the flight time and depends, therefore, on 
the launch velocity. 

The second control angle is measured in the Earth's equatorial, 
plane, and corresponds to the latitude of the launch site, at launch 
time, relative to the line of Intersection with the lunar orbit plane. 
This angle is related to the time of day, whereas the former corresponds 
to the day of the month. 

The second angle (relative to time of day) is more critical 
than the first. In that the Earth rotates about 15 degrees per hour and 
the tolerance is relatively small. In fact, the launch window could 

be as small as Ah minutes without midcourse correction* even If It is 
assumed that the launch velocity could be adjusted precisely to satisfy 
the flight time requirement imposed by the first angle at the time of 
launch. 

Since the launch window appeared to be prohibitively small, 
a brief analysis was conducted to explore the possibility of expanding 
the window by the use of a. midcourse velocity Impulse. 

For the computations, the launch velocity (without atmospheric 

Toss correction) was fixed at 11.4 km/sec, the minimum distance to the 
Moon (356,000 km) was used, and the angle between the. lunar orbit plane 
and the Earth's equator was set at the maximum value of 28.59 degrees. 
To further reduce the number of free parameters, the midcourse correction 
was applied 5 hours after launch In all cases. The nominal flight time 

for these conditions Is about 28.5 hours, so the midcourse increment 

was applied relatively early in the trajectory. In general, the earlier 
the correction, the smaller the velocity requirement but the greater 
the required precision. 

The results of the analysis are summarised In Table 3*7. A 
midcourse correction of 0.92 km/s expands the launch window to six one-hour 
opportunities per month (two opportunities of three days length). The 
midcourse AV of 0.92 km/s Is In addition to the 3.5 to 5.0 km/s lunar 
landing requirement. 
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TABLE 3-7. 


Window Width (hours) 
Each Day 


REPRESENTATIVE MIDCOURSE VELOCITY 
INCREMENT REQUIREMENTS 


Consecutive NO. 
of Days 


Required 

Increment (km/sec) 





3.6.5 Conclusions 

The following conclusions are drawn for vertical equatorial 
launches to the Moon: 

(1) With a midcourse correction of 0.92 km/s, six launch windows 
of one-hour length are available each month for launching 
to the Moon. Other windows of various durations are 
available by changing the midcourse correction capability. 

(2) The launch velocity requirement, ignoring atmospheric 
losses, ranges upward from about 11.1 km/s. 

(3) A launch velocity of about 11.3 km/s (no drag penalty 
included) would be appropriate to reduce the sensitivity 
of the flight time to uncertainties In the launch velocity. 
Assuming a ballistic coefficient of 93,000 kg/m 2 , the 
launch velocity accounting for atmospheric drag becomes 
11.94 km/s. 

(4) For practical launch velocities, and for direct Impact 
hard landings, impact velocities of 3.5 to 4 km/s would 
be experienced. 

(5) For soft lunar landings, the total retro Impulse 

requirements could be in the 4.5 to 5 km/s range If an 
intermediate lunar parking orbit is used. The parking 
orbit may be a practical necessity for accurate placement 
of the payload on the lunar surface. . 

(6) For a lunar-orbit destination, the total impulse 

requirements could be In the 1.5 to 2.5 km/s range. 
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3*7 Earth-to-Geosvnchronous Orbit Launch Velocity Requirements 

This section presents the launch velocity requirements for 
placing a projectile launched from an Earth-based EML Into geosynchronous 
orbit (GEO). The basic approach used to develop these velocity 

requirements is outlined in Section 3. 1*3.2 of the previous ESRL Final 

Report (Rice, et al* 1982). This approach Incorporates the following 

assumptions: 

• Due-east launch from the equator 

• Orbit altitude of 35,800 km with 0 degrees Inclination. 

Using the laws of conservation of energy and conservation of 
angular momentum, launch velocities and angles were calculated for several 
trajectory angles at GEO. altitude. These numbers were then corrected 
for the rotation of the Earth and for atmospheric drag. The results 
are shown in Figure 3-29. Launch velocities and corresponding angles 

from horizontal (9.) are drawn for several trajectory angles at GEO 
altitude (9) measured from the local horizontal. For the recommended 
configuration having a launch angle of 20 degrees from the horizontal, 
the resulting launch velocity Is 11.7 km/s. 

A propulsion system is necessary to circularize the projectile 
into the required orbit. The law of cosines determines the necessary 
velocity Increment of the propulsion system aboard the projectile. Figure 
3-30 shows the velocity increment (AV) necessary for the circularization 
as a function of projectile velocity at GEO altitude (35*800 km). With 
a launch velocity of 11.7 km/s and launch angle of 20 degrees, the 
projectile velocity at GEO altitude is determined, by the method described 
above and found to be 1.4 km/s. This corresponds to a velocity increment 
of 1.7 km/s for which the on-board propulsion system must be sized. 

3.8 Projectile Concepts 

To properly study certain missions, useful payloads must bo 
defined. The projectile concepts for each of the four reference, concepts 
are defined In this section. Also, two other revised projectile concepts 
are derived In this section. The TRU waste projectile is derived from 
the ESRL Mission A projectile, while GEO payloads are found by revising 
the Earth-orbital projectile. 

3.8. 1 LEO Project! les 



i 

t 

I 


The basic requirements for the Earth-orbital projectiles were.. 
defined in Rice, et al (1982) and are summarized here: 


• Maximum payload = 650 kg 

e Propellants consist of hydrazine and 
chlorine tri fluoride 

• N 2 H 4 * 300 kg 

• CIF 3 = 850 kg 

• Dry propulsion system * 450 kg 

• Instruments, ACS, and astrionics »- 105 kg. 
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Lsunen Velocity, V L (kn/s) 


FIGURE 3-29. LAUNCHVELOCITY AND ANGLE REQUIREMENTS 
FOR 500- km CIRCULAR ORBIT 



V (km/s) 


figure 3-30. delta-v requirements for 500 -km circular ori 
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projectile* elements wuld^lrclud^structure* 1 th* 'i UBCh4d - Remaining 
cone, and fins, as «ll as orolect 11 n -": ‘ he ™ a1 Protection, nose 
sabots for railgun launches. ^ ^ 01 s ^ or c<5ax ^l launches and 

used F 1n U t e h S 1s 3 1lr 3 'fhV LE0 St D?J1 e «f 1 f» rth ' 0rt>t ^ 1 ^^‘"e concepts 
Sections 4 . 2. 2. 1.3 and 4 . 3. 2.1.3. R ^ ^ es are mbre described in 

3 . 8.2 Hybri d EHL/Rocket Projectiles 

solid-rocket' ““hill? inched “t 2 9 km/s' \ 

mass for this payload reouirement wn.iiHh! Sr* J h ? , total launched . 

Section 3 . 1.4 described ^*^"04^0 seUctT"/ ^s ' 000 k9 ' 

structure , 6 three* sol 1 d-pro'p°en m^tam^ n^V e 'T nts wou,<l ’"elude 
fins, projectile col 1 suffer 9 rffav^a 9 i 99 V *+ b ^ c< >ne/shroud, stabilization 

(for railgun system). The two hvbrld^FiSir/JU^J rea, C sabot/armature 
are 1 llustrated in Figures 3-33° and 3*34 E ^ Cket projectile concepts 
describe the projectile’s 7 „ ^4 d“a11 3 ' S * et10 " s 4 ' 4 ' 2 - 1 and 4 - 5 ' 2 -l 

3 . 8.3 Lunar- Su&pl y Pnygctlle 

the fraction of the available rn.f s J^h 23 i? k9 \ F '9" r « 3 * 35 Indicates 
values of V/l and prone lan? SIS.** f y, ?? d ■“« f<>r different 
using the following equations: ° S fractl0n f - The figure was plotted 


4V • I In 


mpl+mp S + nr 
■"pi + i<*ps F 


and . 


where 


* mo 

f = Hip +_mp s 


. required velocity Increment, in m /s 
I * specific Impulse, in m/s 
m pl * payload mass, in kg 
m p * -propellant mass, In kg. 
m ps • propulsion system (dry) mass, In kg. 

soft-land A o7' ’t^Moon 4 (!.5^/ s "1L be , supp, , ,ed .* «* projectile to 
midcourse correction) If the doe-i»»«H r ^ l ' na j landing and 1.0 km/s for 
Instead of lunar Impact th^S,VJ3? pay l° ad destirtati0 " 1* lunar orbit, 
From Figure 3-34. P assumiJa P a? P Earth <*^55 " U4t SU ? ply about 2JS km/s ‘ 
specific 9 Impulse of 8 3*0 s nS (3000 syste(n with a 

payload mass for different mass tabl ® shows maximum 

and propulsion system) * mass of a 2 S 3 S 00 kg a1 ° nS Wlth aft ava11able (P^oad 
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FIGURE 3-33. HYBRID RAILGUN/ROCKET PROJECTILE 



FIGURE 3-34. HYBRID COAXIAL/ROCKET PROJECTILE 
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FIGURE 3-35. PAYLOAD MASS AS A FUNCTION OF AV/I AND 
PROPULSION SYSTEM MASS FRACTION 
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Payload (kq) 

Mass Fraction, f 

Lunar Impact 

Lunar Orbit 

0.7 


326 

0.75 

— 

460 

0.8 

70 

565 


Lunar orbit Insertion appears to be the most feasible mission 
option. If a mass fraction of 0.75 Is selected , the mass breakdown then 
becomes: 


e Payload 3 460 kg 

• Propellants - 1340 kg 

t Dry propulsion system » 460 kg. 

The remaining projectile elements are Identical to those defined for 
the Earth-to-orblt projectiles, which were designed for accelerations 
of 2500 g's. 

3.8.4 TRU Waste Projectile 

The ESRL Mission A projectile (Rice, et al, 1982) was used 
as a baseline for determining the useful payload for a TRU waste launch. 
Treated TRU wastes are less dense than HLW in cermet form (2.03. g/cm 3 
vs. 6.5 g/cm 3 ) so the original projectile must be lengthened to have 
a meaningful payload. At the same time, however, TRU wastes have less 

stringent shielding requirements, so the shield thickness may be reduced, 
leaving more volume available for the TRU waste payload. 

The revised projectile was calculated to have the same diameter 
as the HLW projectile (51 cm), but 1$ lengthened by 40 cm. The radiation 
shielding Is reduced by half to 6 cm. With these alterations, the TRU 

waste payload is found to be 285 kg per projectile. 

3.8.5 6E0 Projectile 

A launch from Earth to geosynchronous orbit requires less 

orblt*circular1zat1on propulsion, than a launch from Earth to 500 km because 
of smaller orbital velocities (3.1 km/s compared with 7.6 km/s). This 
directly results in a larger GEO payload capability for the same projectile 
mass. The payload capability was calculated as follows. Using the same 
basic projectile that was defined for the ESRL Study (see Section 3. 1.5.2 
of Rice, et al, 1982), 2300 kg Is again available for the projectile's 

payload and propulsion system, from Section 3.7, the required propulsion 
system AV Is 1.7 km/s. The specific Impulse is assumed to be 3000 m/s, 
with the following system definitions: . 

• CIF3 and N2H4 propellants 

• 0xidizer*to-fuel ratio of 2.8 




ii 


i i 

i 


k 


i 


BATTlLLC — COLUMBUS 


i 



3-54 


• Nozzle expansion ratio of 14.0 

• Chamber pressure of 100 N/cm 2 (150 psi). 

The propellant requirement was determined from 

AV * I In ( — — ) 

m t" m prop 

where 

■t ■ V "prop + m pl 

mp S * mass of dry propulsion system, 

niprop * mass of propellants 

m pl “ P*y l0a<1 mass * 

The required propellant mass is then 995 kg. Thus, 735 kg of CIF 3 and 
260 kg of N 2 H 4 are necessary for orbit circularization. For a 50-second 
bum time, the thrust level is defined to be 60,000 N (14,000 lb f ). 

The mass fraction of the propulsion system was assumed to be 
0.7, which corresponds to a total propulsion system mass of 1420 kg and 
a dry system mass of 425 kg. Therefore, the resulting payload mass to 
■GEO is then 880 kg which is 1.35 times greater than the baseline ESRL 
payload capability of 650 kg. .... 

3.9 Hose Cone Material Selection 


This section addresses several Issues which are critical to 
the selection of a material for the nose cones of the EML projectiles. 
Two major concerns are discussed here: ablation effects and economics. 

3.9.1 Ablation Considerations 

If the EML projectile is to survive its flight through the 
atmosphere, the nose cone material must not substantially ablate away. 
The ablation effects are especially severe for the solar system escape 
and planetary missions, where launch velocities exceed 15 km/s. 

The ESRL projectiles used tungsten for the nose cone material 
(Rice, et al, 1982). This was determined to be. costly, and it was 
recommended that, if at all possible, steel should be used instead. 

Estimates of nose cone recession due to ablation were made 
by three aerodynamics experts In the previous ESRL study. These estimates 
ranged from several centimeters to half the projectile diameter for. a 
launch velocity of 18 km/s. 
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For a final honors thesis at the Ohio State University, A. 
Kerslake (Kerslake, 1982) Investigated this problem, studying the effects 
of ablation on steel, tungsten, and graphite materials. Her results 
Indicated that all three materials were acceptable for the ESRL projectile 
with total nose cone recession of less than 10 cm, for launch velocities. 
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below 17 km/s. Above 18 km/s launch velocity, all of the materials show 
increai ngly large recessions. Steel proved to be the least de si 4b?e 
material and graphite the most desirable. 

_ this study.. It was decided to use steel for the nose 

cones of the EML projectiles. This decision was made with some concern 
regarding the accuracy of ablation estimates for the high-speed projectiles 
(solar system escape and planetary). As the study progressed, the 
reference concepts were chosen. None of these concepts used launch 
velocities of greater than 12 km/s. Therefore, It was decided to continue 
using steel as the material of choice -for the projectile nose cones. 

3.9.2 Economic Considerations 

a . ♦J he K<! u ? 9St i in " ose , cones fdr the ESRL nuclear waste disposal 

*" d f?rj h ? rbital m U s1o , ns < R1ce » et al, 1982) have masses of 440 kg 

^9* . respectively. In 1982, tungsten metal Cost approximately 

mo+a?^w!i e i /4 » and in May 1983, a pure powder from which tungsten 

metal would be made cost $11.14 per pound giving an Implicit price of 

approximately $25.00 per kilogram for tungsten metal. The nuclear waste 
disposal nose cone was estimated to cost In the range of $30K to $80K 

r^l $50K) r 4 n d 2H on I? bo C Actors of 2, 3.5, and 5 to manufacture 
/nominal lit E jrth-orb1 tal nose cone was costed at $40K to $250K 

(nominal $185K) with similar factors. The low estimate was then adjusted 

.SJjfilJfi 'T* than the materials cost of $38K under the assumption 
that additional uses would be fcund for the metal. Including potential 

r&us6 • 

_ * _ S J. nce the drop the price of tungsten Is Indicative of the 

state, of the economy rather than In new production techniques, there 

is no basis for major revisions to the estimates for tungsten nose cones. 

■ . . .. a high strength, low alloy, structural shaped steel is 

adequate for Earth orbital missions, it would have a significant materials 
cost advantage $0,239 per pound or $0.55 per kllogrlm). In addition! 

15 .P 0 ™ ! ss1,y w0! ' ke . d than tungsten. A steel nose cone with a mass 

of 1150 kg has a materials cost of $632.50. If it were batch-produced 

2rti.N 0 ir?.,SIt ro ffVnn n ?* 1te \ ik ?\ y w0uld cost under $1 » 000 and almost 
certainly under $2,500. If a stainless or other high-alloy steel were 

required, the price variance would be great. The lowest-priced stainless 
steel Is currently approximately $1.25 per kilogram and T- 15 high-speed 
tool steel Is quoted at $21.65 to $25.57 per kilogram. Thus, T-15 steel 
costs approximately the same as tungsten. 

* i It is difficult to determine costs for carbon-carbon graphitic 
materials under consideration for the nuclear waste disposal and other 
onnn\ escape missions in the time under consideration (beyond the year 
2°V* n present time, carbon-carbon graphitlcs can cost thousands 

ft 11 ^ ? gran1 n f * nal sha pes. The cost lies not In the raw 
materials (which are comparable to low-priced steels), but In the 
processing and quality control labor necessary to make the final product. 
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J? ffh^eve the ultimate properties associated with advanced carbon-carbon 

lu 1s " ecessary t0 contro1 the quality of the raw materials 
from which the fibers are made, and then to control, at each step, the 
spinning of fibers, weaving, shaping, pyrollzlng, and final finishing. 
In the time under consideration. It is reasonable to expect that 
carbon-carbon graphltlcs, or other materials with similar properties, 
will be available at prices less than tungsten for equivalent applications 
Thus, carbon-carbon graphitic nose cones are estimated to cost about 
the same as tungsten nose cones. . 

3.10 Projectile Stress Analysis 


rcm 1C i: Ula A ion l,'!! e C e made t0 , determine the strength and stability 

tal , pr0Jectile - The compressive strength and the 
buckling stability were analyzed. 

/ Dcc , .The critical cross-section of the payload support structure 
i« s v f ? r J^e compression and buckling analysis was selected as the 
PSS was just below the lower end of the forward sabot. The carbon-carbon 
thermal protection and the oxidizer tank wall . were assumed to be 
non structural (a conservative assumption). The applied force across 
rDI* se 5i i0 5. was calculated by sunmlng the Individual component masses 
ahead of the critical cross-section (Instruments, astrionics, ACS, 
propulsion system with propellants, nose cone, and forward sabot, which 
total 2950 kg) and multiplying by a 2500-g acceleration. This results 

in an applied load of 71 x 10* .N. The applied axial compressive stress 
is calculated as: 

o r *_L 
c A 

where f Is the applied force and A Is the area over which the force Is 

jj p ? IvlnS I/ e 2 a ??U e ™n Com P£ ess1ve , stress was then calculated to be 
8.11 x 10° N/mZ (117,700 psl) at the critical location. This stress 

! alu A Ts helcw typical yield stresses for stainless steels (typically 
Or the order of 1.035 x 10 N/mZ); the ratio of . yield- to-applied stress 
is then 1.3. 

The critical buckling compressive stress level at the selected 
section was based upon Euler's column formula for a column with one fixed 
end: 

a * ft 2 E 

Cr C-/r)2 


where 


r y = 1/4 (D 0 2 + Of 2) 1/2, 


L ^ ^ mo^lus of elasticity (for steels, E = 2.07 x 104 N/mZ), r 
l of gyration about the bending cr buckling axis, 0 o is the 
outside diameter of. the PSS, and D-j Is the interior diameter of *the PSS. 
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The effective column was treated as fixed end, because of the large steel 
mass In the Tower section of the P$S. The critical elastic buckling 
Stress was computed to be 15.9 x 10® N/m 2 (2.31 x 10* psl), assuming 
the Euler formula for column Instability. The calculated buckling stress 
was found to be 19.6 times greater than the applied compressive stress. 


(1957): 


The local buckling stress was then calculated from Shanley 


a cc 
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In this equation K Is approximately 0.5 for this case, E* is the tangent 
modulus, and t Is the wall thickness. The local buckling stress was 
calculated to be 3.7 x 10® N/m 2 (5.4 x 10 5 psi), which Is 4.6 times greater 
than the applied stress. These results indicate that the structure would 
be unstable at a level well above the compressive ultimate strength of 
most stainless steels, so buckling loads do not appear to be. a problem. 

It was recommended . that further detailed design should Include 
a structural analysis which would include composite structural effects, 
structural fastener effects., thermal effect?;, and pressure loading. 
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4.0 REFEREMCE CONCEPTS 

The reference EmT cSj? 'were' ?e P lectrt 9 i" th1s sect1on - 
previous section and are fist* tal'S:**" 11 fr0m th0Se descr1bed In the 

• Rail gun for Earth orbital launches 

• Coaxial accelerator for Earth orbit'.! launches 

• Hybrid rail gun/rocket launcher 

• Hybrid coaxial accelerator/rocket launcher. 

requir^'furthe^^na^ys! s 1 to S £f 1n2 the 1 mtimVdetZfl !? 1 " 4ry and wou,d 

.s1e, C »‘U?d X7 n C1 Tolll 

fetors to select C&SX K«aWf 

subsection descrfbe$°th^\\/z?u>+? e< * °T Tlve subsections. The first 

concept selections. The ref»rence°con^«^i eSS wb ^. cb ] ed bo the reference 
four subsections. * apis.- .are-detailed In. the following 


4.1 Prelim nary Evaluation of EML Cnm»« p » e 


and qua 11tative V f actors" W The ^eTat ive™ moo rt a nl** nf° n °I *?" 4 uantl ‘tat1ve 
was established so that weiohtinn v ® ^JP ort a n ce of each of these factors 

The EML concepts described 1 9 n SeltlJn 3°? ass1 9 ned to aa <* 

the screening Issues. EML conceDts w era n-?!f re ra ^® d Tor each of 

upon comparison with "conventional" launch ^ to 3 based 

timeframe. A score of 1 indicated the conr an? !, h ^ j?K nned Tor the 2020 
to conventional methods. Ooncepts th rated C eouaT%i e ^ 1Clen *4 When COm P ared 
Tor a particular screenino IssuS q ^ t0 Gonv «nt1onal methods 

3 Indicated that the cSnSIot was 9 S° re of 2 * * score of 

methods. A total score was # bette, T tban conventional launch 

the score for each screening k ® r ».® aGb concept* by multiplying 

MX then sunning acrossth? heart Th/ ^tr 6 f peCtiva "^hting facto? 
to their total s’cores. wiM&n »? S 

The screening criteria and their relative weights were: 

• Development cost (5) 
e Operational cost (5) 
t Total cost (30) 

• Launcher technology risk (10) 

• Payload technology risk (5) 
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• System flexibility (5) 
e Performance (25) 

• Logistics (5) 
e Safety (5) 

e Environmental Impact (5) 

t 

Figure 4-1 displays the results for rallgun concepts, while 
coaxial accelerator results are shown in Figure 4-2. Based upon these 

ESK" 9 *^ Wd ? d ® c1ded *>y Battelle and NASA/LsAC to proceed with the 
Earth-orbital mission and the hybrid EML/rocket concept for both the 
rallgun and coaxial accelerator concepts. These concepts were then 
more fully developed, and are described in this section of the report 
(The lunar base supply mission was added to the list late In the study 

high 1 score ) n0t fully developed int0 a reference concept, despite Its 
4,2 Earth- to-Space Rail Launcher Concent 


4.2.1 Concent Definition 

I*- J?f*u Eart ^!°“ spac ® rail laur >cher concept for launching cargo 
low -| a rth orbit consists of five major pre-launch, launch* and 

activities^are Ct - V1t1eS WhiCh dre d1scussed in th1 * section. The five 

(1) Projectile/payload fabrication 

(2) Surface, transport of project 11 e/payload 

(3) Projectile/payload preparation at the launch site 

(4) Launch operations 

(5) Trajectory monitoring. 

| he lnd * v1dua ^ ra11 launcher system elements are presented 
4.2. 1.1 Project i 1 e/Pavl pad Fabrication 


. , . payload, projectile, , and the orbit-cl rcularizatlon 

system are manufactured and checked-out prior to system 
Integration and transport to the launch site. w y 

4.2. 1.2 Su rface Transport of Projectile/Payload 

* i *4 Th f . I 2! eth , 0d of surface transportation would depend upon the 
Selection of the launch site. If the selected site were remote, ship 

rli it H C tranS r n , at10n w °ki 1d be USet * In areas where roads or 

r lr° ad ^ ware inaccessible. Otherwise surface transportation would 
likely be accomplished using trucks or railroad cars. 
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4.2* i.3 Pro jecti 1 e/Pa vl oad Preparation at Launch Site 

Upon arrival at the launch site, the projectile/payload would 
be placed in a storage facility. The projectile and payload would be 
removed from storage as the scheduled launch time approached. The payload 
would receive a prelaunch checkout, if necessary. Propellants would 
be loaded just prior to launch. 

4.2. 1,4 Launch Operations 


At launch time* the projectile is loaded into the preaccelerator 
and all launch systems are checked out prior to launch. The launch 
tube Is evacuated and the homopolar generators are started. 

Weather and wind conditions would be- checked before final 
countdown begins. Launch clearance would be requested from the proper 
authorities and all pilots in the area warned. An alarm would be sounded 
in the area of launch* so that all persons are cleared from a. designated 
danger area. 

When all systems are ready, the launch sequence and final 
countdown begins. All launch, systems are computerized and fully 
automated. The preaccelerator is initiated, and the projectile is 
accelerated to 1 km/s through the preboost section. As the projectile 
passes through the preaccelerator into the railgun section of the launch 
tube, current is automatically dumped into the first rail section. A 
plasma armature is formed behind the projectile. Switching of the current 
into the segments is performed automatically as the projectile passes 
through each section. The projectile is accelerated to 6.85 km/s when 
it leaves the railgun bore. Tracking systems on the ground would be 
used to verify the trajectory after the projectile has left the railgun 
system. 


4. 2. 1.5 Trajectory Monitoring 

The projectile Is tracked throughout its atmospheric flight 
with a small radar system located near the launch site. Before and 

after the orbit-circularization maneuver, the projectile's three-axis 
attitude control system would ensure proper projectile attitude on orbit. 
The auxiliary propulsion system of the projectile would provide the 
2.1 km/s necessary to. Insert the payload into the proper orbit. The 
payload would be taken to a space station by the Orbital Maneuvering 
Vehicle (OMV), If it. were available, or another system of this type. 

4.2.2 System Element Definition 

This section presents the Earth-to-space rail launcher system 
element definitions. The major system elements which are discussed 
here are: 


• Projectile/payload characteristics 
t Surface transport systems 
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• Launch site support facilities 

• Launcher system 

• Monitoring systems 

• Space destination. 

4.2.2. 1 Projectile/Payload Characteristics 

f 

... Caw4 .. — Payload. The payloads which are envisioned for 

^ h ;r Spa f e J a1 1 la “ ncher ar ® bulk- type payloads to support manned 
orbiting space stations. These payloads Include: 

• Orbit Transfer Vehicle propellants 

• Space station supply Items 

• Materials for space processing facilities. 

^ -r L< J? u1d hydrogen and liquid oxygen propellants required for 
?n b Vh» T fn n 4f 6 ftf Veh * cles (OTVs) could be transported to space stations 
in the form of water. An orbital electrolyzer would then be used to 

rrf ns « f< J , I in , the J* ater payload 1nt0 the oxygen and hydrogen propellants. 
Ja*aCmI au . ncber system could also be used to supply other propellants 
to orbit. An example of this would be a water or hydrazine payload 

thi« SU wAHi f i hft 306 s l atl0n attitude control and drag make-up systems; 
OTV prope\l ants 6Ver * srna11 ^ supply requirement than are the 

... Space station resupply items which could be. launched by a 
railgun system might include life support requirements (food, oxygen, 
and nitrogen, for example), oxygen and hydrogen (in the form of water) 

fue J cel1 make " u P requirements, spare parts for station 
maintenance and emergency repairs, and other miscellaneous supply items, 
such as crew personel equipment, hygiene supplies, and ship stores. 

? ust i be ab l e t0 w t thstand the high accelerations of 
] a y?? h f 1 ? 25 9 s to low- Earth orbit); other delicate materials would 
still require a launch by Space Shuttle. 

.. „ “ hen , ijsteri al s- processing facilities are operational in space, 

the raw materials necessary for product manufacture could be transported 
to the orbital facilities by the rail launcher system. P 

. Tl ! e payload " as determined to have a maximum mass of 650 kg 

ij n „ tbe /" a i y ? 1s m don f , 1n th# previous ESRL study. The 650 kg maximum 
figure is for materials with the density of aluminum (2700 kg/ m 3) or 
greater. For payloads with the density of water (1000 kg/m$), the 
corresponding mass is. 320 kg due to volume constraints. 

. / - I 2 ' 2 ' 2 , JfoP ul s ? on System. A propulsion system is required 

nrlft.il el A,? a r^?r° rblta1 I ". 1s . slon Place the payload into orbit. . The 

propulsion system assumed here is the satua one defined in the ESRL study 

(.tice, Miller, and Earhart, 1982). The basic characteristics of the 
system are summarized here. A simple hypergolic, high-propellant^density 
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propulsion system was Indicated; hydrazine and chlorine trifluoride 
propellants with an oxidizer-to-fuel - ratio of 2.8 were selected. 
Propellant mass would be approximately 1150 kg (300 kg of N2H4 and 850 
of Cl F3) with a dry propulsion system mass of 425 kg. System attitude 
control and astrlonlcs requirements amounted to 75 kg. The specific 
Impulse of the auxiliary propulsion system was estimated at 310 s 
(3000 m/s), 

The cold-gas attitude control system (ACS) would perform the 
maneuvers required to place the payload and propulsion system In the 
proper position for the orbital insertion bum. The propulsion system 
would provide the 2100 m/s necessary to circularize at 500 km altitude, 
after which the ACS would again be used to ensure proper attitude of 
the payload for rendezvous with the Orbital Maneuvering Vehicle or other 
vehicle used to transport the payload to the space, station. 

4, 2.2,1. 3 Projectile Elements. The Earth- to-space rail 

launcher projectile would consist of the following subsystems: 

• Forward and aft sabots 

• Nose cone 

• Instrument package 

• Liquid propulsion system, including ACS and astrionics 

• Payload 

• Payload support structure (P$$) 

• Thermal protection system (TPS) 

• Fins. 

The proposed projectile is illustrated In Figure 4-3. Table 4-1 presents 
the projectile mass summary. 

The forward and aft sabots are required to fit the round 
projectile to the square bore. The aft sabot also protects the rear 
of the projectile from excessive heating from the plasma armature. The 
sabots are jettisoned Immediately after launch $0 as not to detract 
from the aerodynamic characteristics of the projectile. High-strength, 
non-conducting ceramic. materials would be used.to construct the sabots. 

The nose cone would be constructed of steel. The tip would 
be slightly blunted so that the steel would evenly and smoothly melt 
during atmospheric flight. As discussed In Section 3.9, the amount 
of erosion during flight Is not expected to be significant for the 7 km/s 
launch velocity, given, the dimensions of the nose cone. 

A small Instrument package would be located beneath the nose 
cone. The package would Include a radio transmitter for trajectory 
verification after leaving the rail launcher. 
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TABLE 4-1. EARTH-TO-SPACE RAIL LAUNCHER PROJECTILE MASS SUMMARY 


Projectile Subsystem 


Mass (kg) 


Payload 
Propel lant 

Dry propulsion system 
ACS 

Astrlonlcs 

Instruments 

PSS 

TPS 

Nose cone 
Fins 

Forward sabot 
Af.t sabot 


6S0 

1150 

425 

50 

25 

30 

2730 

100 

420 

20 

200 

100 


Total . 


59C0 . 


— i payload support structure (PSS) made of hiqh-strenath 

^??L W6U t£ pr, ° v1d ! structural support for the payload and 9 propulsion 
3»£- pJ he , h pr0pulS 0n system would be located In the forward part 
of the PjS, the nozzle would point toward the nose cone. The PSS would 
also support the propellant tanks during the hlgh-acJe eration la^h 
The payload wou d be located In the aft portion of the PSS, attached 

The Pss mu,d * ^fo4 a< V 


Another advantage of using the square bore is that the fine 
C iT J!* , att * che S more simply to the projectile, no “pop-out" mechanism 
. r ® 1 < l u ^ red * Four* fins are attached to the rear of the projectile to. 

stabilize the projectile during the atmospheric flight. P 

4. 2. 2. 2 Su rface Transportation Systems 

The payload, propulsion system, and projectile would be 

manufactured and assembled in facilities away from the launch sit . 
The systems would be transported to the launch site by conventional 
surface transportation systems: truck, rail, aircraft, or ship. Aircraft 

to U 4. uS me'XVcTly . r6qU ' red pers0nne ' ,nd .«f9h*prl0rtty materials 

4.2.2.3 Launch Site Support Facilities 

4 « a . ^ aunc ^ support facilities to be located on the launch site 

Include: power plant, projectile storage and check-out facilities, 

general storage facilities, administration and engineering facilities. 
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^ US ^ a LJ rea * 1 co ? un1t ^ Tiv J ng area < 1f the site Is remote), liquid 
gas and water plant, and other miscellaneous facilities. The launch 

aJ-oL be s ®l ected 1n ^ area where there are no large population 

«n«ptoftV U un ch%)te JPPr0Xlmate ' y 50 '“"• F,SUre "- 4 1s an art,st ' s 

^»2.2.3»l Power Plant. A dedicated nuclear power plant was 
envisioned to supply the electrical power requirements of the rail 
launcher system and Its supporting systems. The power plant would consist 
of four 50-MWe nuclear reactors similar to those used on Navy ships. 
The number of power plants Is higher than nominally required, because 
redundancy has been considered for maintenance and unscheduled shutdowns. 

— Projectile Storage and Checkout Facilities. A 
project!! e storage and checkout facility would be required to store 
pr0J ®ct11es (one week supply at a lauhch rate of ten per 
time of arrival at the site until the projectiles are moved 
to the storage facility located at the breech of the. rail launcher. 

. s S v” eral Storage F acilities . General storage 

! a r e * u nee ? ed t0 su PP° rt th « activities of the staff and the 
operations of the launcher system. Office supplies, gasoline, and rail 
launcher spares are among the items which would be stored. 

^*2. 2. 3. 4 Admi nistration and Engineering Faciliti es. Office 

Thfcf h W °- U i!u b ® e ^ r ed . for the administration and engineering staff. 
These buildings would be located near the Industrial area. 

1 JL — Industrial Area. Various Industrial facilities 
be required to support the launch activities, including receiving 
a , nd r ®^ ur b1shment shops, vehicle maintenance, and other 
racmtles as deemed necessary. Aircraft runways would be built to 
support Incoming aircraft traffic of people and supplies. The industrial 
area would, be located in an area appropriate to the activity. 

***"?.* Cospunity living Area . If the launch site were 
™* ed 1n a remote area with no nearby towns, a community living area 

t Tii*n bU < 11t at a P rac Vf a ' distance from the rail launcher 
IJhll ! ie V., The 11v I ng area would likely include apartment* type housing, 

Uu«h cr£ ImHelr a " terta1m * nt fac1,,t <« «*•••* the 

. ^r-- 2 • 3 ; * d fe* and tfater Plant. Liquid nitrogen Is 

^i2uiH ed ht/^ rt n^° i ne n 36 ?S 1ndUGt °rs and the preaccelerator requi res 
liquid hydrogen and liquid oxygen. A water supply Is necessary for 

the hydraulic operation of the homopolar generators and for space station 
supply payloads, as well as for lau..«her base and personnel supplies. 

? P 1 .®"* J 8 needed to support these requirements, and would likely be 

tS Ca <onH C Ih Se in° power plant. Liquid nitrogen lines would be used 
to send the^LN 2 to the launcher system, while LH? and LO? would be 
transported by truck. Water would be distributed throughout the launch 
site by an underground plumbing system. 
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include: — 2 3 6 0ther SSUiS!” - Other necessary support facilities 

• Electric-to-hydraul 1 c facility 

• Launch control center 

• Radar tracking facility* 

4. 2* 2. 4 Launcher Systg« 

projectile™© ? r ?88^ 1t launch velocity launrh acc ® le £ ate the 

a mountain side at an elevation anal# aV *i Th ® la “ ncher 14 based on 

Access for maintenance and repair 9 has been Drovided^ F0, p 4 the ho r^ on J al * 
a cross-sectional view of the ran S ifn«?k pr - d ! d * p ?9 ure 4-5 shows 
presents a top view. The rail lauLhlr 0 ”™ 6 ^ system » while Figure 4-6 
across. The rails would be fab?1catld S t Squa " e bore ‘ 1 ■ 

alloy) and would be- electrically inaSiati c °PP e r-zircon1um 

awss? js-s M- 23 Sn*~ 

the current distribution from the' inductors ^#^ht ™n?.* W0U,d C0ntr0, 

systems which ^v^been^con^^uVH^ ed^^Launche^systems^ntTfude: ^ aUnCher 
a Bore and rails 

• Energy storage 

• Launcher support structure 

• Preaccelerator system 

• Switching and control 

• Temporary projectile storage facilities. 

• Service and access systems. 

Launcher concept options are provided in Figure 4 * 7 . 

square bo r^which * is > ‘m arlc^'l ^ The rail launcher would have a 

and would be constructed of AM2IRC a coDtfeV \ it Ul<l 2 ? 40 m 1n 1en 9 th 
99.9 percent cooper and 0 i a P oy wh * ch 1s approximately 

““ “-asrj'sas.-rs.’asf-a! 
«— - »“ tfs ssst. rs, t 
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FIGURE 4-6. EARTH-TO-ORBIT RAIL6UN SYSTEM SIDE VIEW 
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(^«^ 9 t ^r 0 yVVl',est h *196l) <l S».! f - M2IRC ,s 42 - 100 N/« 2 

iu°-ir 1 t 1 e '-tSSi-^TSS is e iW t M?th p 7 J * ct,,e 

r» s fs r • S&i'ss 

bore si 2 e Is desirable ™ s?.«4wS?s™« tte c;™ Je . ctne - The >*nier 
rail-launched projectile should he ■JTUJI 1 ** For str *ess reasons* the 
the projectile dieter. Also paJlo.2 L" *M<* widens 

when the projectile is widened* P aiI*K dS are not as size-constrained 
larger is the lower resulting^ f °f mak lng the bore 

to hold the rails flat duHng^ l aunch Thiro^V S W ^ Ch J makes it easier 
larger bore diameter, however 9 In^thet l2? re is f di sad vantage to the 

rails decreases as the distance bitween them lncre^se/. ld between the 

is wrapped*? 6 Kevlar to^ontaK^h^tute A n * u J ator " 1 ® ter ials. The tube 
the bore, rails, insuUt?on! and spacer^ 65868 ‘ F,9Ure 4 “ 6 m “ s ^ates 

were consifefSd‘*or use^the^all^faunchS^rilf ener 8 y storage devices 
in the 50 to 60-MJ range should bl Tv^ generators 

years (telephone conversation with 1n JS? next f1v ® to ten 

HP6 should have a mss of liffi aiME » 1*4). A 50-MJ 

of the size required floo L / would not^^JiV kW* A si "9 le «PG 
and was not considered further in l th d 1s n °s t 4. SV>1Ub,e 1n the ne * r future 

3.2 of Rio?? rtVr n i^ r M " 1 ^itS2 , d # ' * d -Ig. "! chard Mfshdll (Section 
is illustrated in Figure 4-8 thI the energy storage device and 

with an inductor which stores S MJ at a SrSn 0 // coup1ed 

inductors should have a mass of *nn a JL?mf“ r T ent , of 4 **• The aluminum 

inductors would be cooled to ^^io!?d?nit?oaJn Ll° 1 : 5 MT each - The 
mass and volume efficiencies. q d ltr ° 9en temperatures because of 

a 72 percent; 6 ener^trSe 70.9 MJ/m. Assuming 

and 85 percent from inductor to railoun) 358 A C HPr/i r J m i 11 * 8 t0 inductor 
be required for the desired r km/1 iP. * k B5 , h *y/inductor units would 
units would be pl.2S .ttT. JpX \z? 

structure es^en~»1‘s1 one^ U ys b s!ioi^*?n > ?1oure <l ?l re ‘ Th Tll i ,suneh * r support 
be partial ly Imbedded in a concrete found?t i The Jfuncher tube would . 
launch operations and to maintain contain a forces during 

sku 1 ?: « "” ns * 

c M o4 r t“ CtUMl a " 3,ys,s ^ conducted to* C support SS’ ^lSSEi 
has " ot 


B 



® ATT * L ^« ~ COkUMBUB 


tig) 


r 





Launcher Bore (67 x 67cm) 



Switching Units 


Inductor 


HPG 

(56 HI) 


FIGURE 4“8. HOMOPOLAR GENERATOR AND INDUCTOR 
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FIGURE 4-9. PROPOSED PREBOOST CONCEPT 


■ ATTILLI — COLUMBUS 









Sffif W*S’ dwn *SST of M** f2r‘ eros, °" Of toe rails 

tft C *i! t K # V 0n ; Preb0 °st Systems^currentTv d , uHn 3 the Mittal 

to 0*5 to laO km/s w < th V ilj current ly used accelerate nmWHioc 

Injector (Hawke* et al 1984 anfT P h®i SUrk * (3000-5000 psi) helium qas 

generally used because of nf hfah £^ US V et a b ***)• Helium 9 ?! 

at room temperature). 9 speed of Sound (approximately 1 km/s 

and ltquW T 5ygreo2S?SS2 m 3E.»J£S5 , ~ n> USes "dOld hydrogen 
against a gaseous mixture of hydrooen P !ni U S+ c ® mbus J 1on forcing a piston 

that*^ 0 *! ° f th ! Projectile, fhe Concept UsW.jl between the Pl*to* 
that it is continuously driven hv iu ar a S^s gun, except 

th! b ra?f i SySt6 K would acc elerate Vhe t p?oject{ k l°l te^ifV 0 ^ proces$ - The 
the rail launcher. projectile to 1 km/s before entering 

~s r^red'^cr^^hra?) Tauncher tr slst Sv | itch1n 9 Qf the large 
up| t ’i? jesolved before development of the S svstlm f m f Jor 1ssue which 

Sw?tc2 J U Z Wduc^r TIL iStoT 

store* must «&&’."<!£ 'ZJ& 

reverse flew* . fr0m - the - '‘“"‘“r to prevent 

chevron-shaped rail segrents insulat.n b f m sw,tc 5 1n9 «echanlsm uslSg 
In Marshall (1984) and Rice. It al. (ml) f “ ch 0ther 1s discussed 

~, i ^ 4 ' 6 i feaajy ag A temporary 

rojectiles would be moved dailv fmm J ba base of the launcher, 
to support the day's scheduled^ launrhac® S rL ra9e and checkout facility 
store at least 15 projectiles UunChes * The facility would need to 

rails are ~ fnc I nrlr il i if*' luff 6 ® „ ?f d ..? dC8ss S i V stg,tg Crane and transport 
J aunPbe »‘ systems. A rail system was cSwft *1 a ?J ow servicing of P the 
the 20-degree incline of the system? " t0 facilitate Wvement-along 

4.2.2 o 5 Monitori ng Svstn«« 

leaves th« > i wo “ 1<l - . !* "ceded after the projectile- 
Telemetry would be included as Dartnf ®£h for r an 9 e safety purposes? 

the sKelt " 0n °Tbit for l 22 

4e2.2.6 Sgac e Destination 

system 1$ 1 ow-Earth 3 orbi / ° r fho jeC V 1eS laUhG hed from this rail launcher 
circular orhlt in which the ^^1^^,.^ 
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orbits are possible. If the system Is upgraded to provide for 12 km/s 
launch velocities (see Section 3.7), launches to geosynchronous orbit 
would be possible. 

4 .3 Earth- to-Space Coaxial Accelerator Concept 
4*3.1 Concent Definition 

. , , j h ® Earth-to-space coaxial accelerator concept for launching 

materials to Earth orbit consists of five major o perat ional activities: 

(1) Project 11 e/pay load fabrication 

(2) Surface transport of projectile/payload 

(3) Pro jec til e/payload preparation at the launch site 

(4) Launch operations 

(5) Trajectory monitoring. 

The activities are the same as described In Section 4.2.1 for the 
Earth^to-space rail launcher, except for the launch operations activities 
which are described here* Individual coaxial accelerator subsystem 
definitions are given In Section 4.3.2. 

The projectile Is removed from the storage facility just prior 
to Its scheduled launch time. All launcher systems are checked out 
and the projectile is loaded into the small preaccelerator required 
to initiate projectile motion. The Brooks coil inductor is charged 
and the launcher tube is evacuated. 

Final launch countdown begins after weather conditions are 
checked and launch clearance is obtained from the proper authorities. 
All persons are cleared from the immediate launch area. 

4.3.2 System Element Definition 


Six major system elements have been identified and are discussed 
in this section. These system elements are: 

• Projectile/ payload characteristics . 

• Surface transport systems 

• Launch site support facilities 
t Launcher system 

• Monitoring systems 

• Space destination. 

4 . 3. 2. 1 Projecti 1 e/Payi oad Characteri stl cs 


4.3.2, 1.1 Payload. The payload would be identical to that 
for the Earth-to-space rail launcher, described In Section 4.2.2. 1.1. 
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are the / ro P“ lsi °n system characteristics 

ETrth^- S pUrr,?M a t u h „ 0 c S her. deSeHbed ,n SeCt1 °" «**•*•>•* f ° r ‘he 

«*« 4-l ^tn\vst?lfthl% on^ n g P Xy ed t e ^ JeCt1 ' e U Sh ° m 1n 

• Projectile coils , 

• Nose cone 

• Instrument package 

• Liquid propulsion system, including ACS and astrionics 

• Payload 

• Payload support structure (PSS) 

• Thermal protection system (TPS) 

• Pins. . 

2*. . pr ®^ c i 1 ! e w subsystems are. similar to those described in 
«oted C# below* 2-1,3 f0> * th * Earth * to - or &it rail launcher, except where 

Forty projectile coils (actually copper rings) would be snared 
every 16 cm along the projectile. The rings would be 2-cm thick with 

dia T? ter °, f 49 cm ‘ Each rtn® would have an axial leSgth Jf 
3 cm. The coils would be Imbedded in the carbon-carbon TPS material. 

Because of the longer and narrower shape of the oroieetiie 
the nose cone mass is smaller than that of the railgun projectile. The 
steel nose cone would, have a mass of 110 ka (versus 420 kg for the rail 
launcher projectile). The projectile mss summary is showT inlabil 

4.3. 2. 2 Surface Transportation Systw* 

Surface transportation systems would be the same as these 
described In Section 4.2.2 . 2 tor the Earth-to-ortit rail launcher concent 
Depending upon the launch site location, trucks; rail, aircraft 

equipment*! " * “ Sed ‘^port projectiles. paVlo./s, V^onnel,’ and 

4.3.2. 3 Launch Site Support Facilities 

. ... u J Laun f h site support facilities would be similar to those 

s1te ribe ?he n facilities 4 ’ w'i 3 l°. r the co »* re sPond1ng rail launcher launch 
sue. me tacilltles Include: power plant, proiectile sto^aoe and 

?nU er Jl* 1 storage Facilities, administration and engineering offices, 
industrial area* coftvnunity living area for a remote launch site lirmiH 

and faunch* s^‘ te^! <e 1 ^ LN | >° h C001 Brook$ co11 Eductor; water for supply 
and launch site use), and other necessary facilities. An artist's concept 
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Length - 7.0 m 
Diameter = 24.7 cm 
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FIGURE 4- 10- EARTH- rO-QRBIT COAXIAL PROJECTILE 
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Of the launch site facilities is shown in Figure 4-4. 

TABLE 4-2. EARTH- TO-SPACE COAXIAL PROJECTILE HASS SIRMART 


Projectile Subsystem 

Payload 

Propellant 

Dry propulsion system 

Astr Ionics 

Instruments 

PSS 

TPS 

Nose cone 

Fins 

Coils 

Total 


Mass (kg) 


_4.3«2»4 Launcher S|«ta« 

6.85 km/s S supply _ s ^ ei " would launc h projectiles at 

would be located P a^ong a 2*k S m Ea ^ orbit. P The launch^ 

d ? 9 J® es from the horizontal. Figure S f n mou . ntain side inclined at 20 
of. the launcher system. 9 r 4-11 1s 3 cross-sectional view 

tJh® , of 3 Copper- a ifoy 1 ma ter 1 1 1 C °" Vl ec t r 1 cal 1 w 1 , w t n 4 d1n «- ^ 204 ° "» long) 
be confinement are provided by encasing the driJe Kevla‘™ Ct “ ra1 

to S th 9, a J ar 9®^Brooks ^coT I storaae^inductor system from 

to the drive colls such that ten >npneS’ Energy would be distributed 

* “« v f « times 'the turns » u 1d i M ,!?f k p r°^ ectt,e rt»Twuld 
projectile moves toward the launcher muzzled sw1tched 1n and out as the 

Launcher systems discussed in this section include: 


• Drive coils 

• Energy storage 


Launcher support structure 
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COAXIAL ACCELERATOR SYSTEM 
CROSS~SECTIONAL VIEW 






• 


• Preaocelerator system 

• Switching and control 

• Storage facilities 

• Service and access systems. 

Earth- to-orbit coaxial concept options are presented In Figure 4-12. 

Drive Colls. The drive colls would be constructed 

from one layer ’of rectangular copper-all oy wire in a c rt on + t j "“rarfi 26*3 
w i„j 2 nn inner radius would be 26.3 Cm and the outer radius 26.3 

cm lenqth of the drive coil section is 2040 m. An active segment 

Tf 8-« length consisting of ten toms would follow each projectile 

ring down the length Of the launcher tube. 

The drive colls are encased in Kevlar for structure and for 

insulation between the windings. The tube structure does not ^ need to 
be as strong as that for the corresponding rail launcher system. This 
is because tube hoop stresses are lower due to the induction of the 
projectile coils which adds counterbalancing stress. 

a 3. 2.4. 2 Eneray Storage. A single large Brooks coil inductor 
would be used* for the energy storage device for this concept. A. Brooks 
coil configuration offers the maximum inductance for a g 9 

of wire used The dimensions of a Brooks coll are shown in Figure 4-13. 
The kinetic energy of the projectile at the muzzle of the launcher tube 
would be ^ aDoroximately 80 GJ. Kolm and Mongeau quote efficiencies of 
?8 9 pe%ent r °found te by dividing the kinetic energy of the projectile 
at launch by the supplied energy to. the launcher tube Assurning an 
as oercent transfer efficiency from the Brooks coil inductor to the 
launcher itself, this corresponds to an energy storage req T u ^ ren fJJ t 1 
approximately 95 GJ. Information supplied by EML Research, Inc. implies 
that energy stored is a function of outside diameter (Appendix D). This 
relationship is shown below: 


E * 0.0207 D 0 3 


(4^1) 


th . pnprav E Is in GJ and the outside diameter D 0 is in meters. 
Therefore a Brooks coil which would store 95 GJ would have an outside 
Hitter of approximately 36 m. The Brooks coil would be made from 
aluminum wire, liquid nitrogen would be used to cool the inductor. 

4 3 2 4 3. taim rher Support Structure . The launcher tube 
would be partially" imbedded in a concrete foundation as shown in Figure 
Ho The^pirpose of “e structure Is to Pelp cooUIn the hoop stresse 
of launch and to add rigidity to the 2-km long tube to keep it in 
alignment. 

was added V-^-Ue^ra tu-^ lde a 

(up to 100 m/s) to get the projectile moving through the accelerator 
ip P tte 20-degree incline. A large system, such as that- required for 
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FIGURE 4-13. BROOKS mil KITH DIMENSIONAL RELAT ION SHIPS 


the coaxi al 'accelerator* 4 y$tem. PreVent r41 ' er0s1on - 1s "«* squired for 


to be sy nchronized wfth ^th^lnoti^n T* 1 ® ® r tve. current needs 

turns are active behind each I®" dr1v ® 
and out as the projectile Dasses thmwlh ,ff! and must be switched in 
are discussed in more detail in Appendix^ and in Section f w< 1 teh1 "® ,|sues 


»roWtii A^:^./jff^7. J Fro jec t i le stora ge Faciliti.. The 
a.2.2.4.6 for the® Earth-to-or™ t ran Va’uncher^concept 0 * 5 " 10 ^ " Sect1 °" 


rail i aun cter* ^<mcept^V*t rai^por^-aTi S <suffl* ‘ AS iJ n the corresponding 
access for maintenance VervTcTng of’ WZSS'l*™* *° ^ 


4.3.2.S Hon i tori no Systole 


identical “® 


4.3.2.6 S pace Destination 


coaxial accelerator ry $y$^^^ b e° r a l sS^*£! <1 V \ aunched from the 

low*£arth orbits would be oosslble c j rcu1a / orbit. Other 

propulsion systems. Should the svstem^^nt^?^ Projectile auxiliary 

of 12 km/e, geosynchronous altitude djstinatione wuld’ te poss"bu! #Clt1eS 
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4.4 Hybrid Railgun/Rocket Concept 

4.4.1 Concept Definition 

* 

This section discusses the hybrid rail gun/rocket concept for 
delivering materials to low-Earth orbit. The five major pre-launch, 
launch, and post- launch activities of the reference concept are: 

(1) Projectile payload fabrication. 

(2) Surface transport of projectlle/paylpad 

(3) Projectile preparation at launch site 

(4) Launch operations 

(5) Trajectory monitoring. 

Individual hybrid system element definitions are provided in Section 
4.4.2. 

4.4. 1.1 Projectile Payload Fabrication 




The solid-rocket motors and certain payloads would be 
manufactured away from the launch site. The systems would receive factory 
checkout prior to delivery to the launch. site. Water payloads would 
be supplied at the site. 

4.4. 1.2 Surface Transport of Projectile Payload 



Conventional methods of surface transportation (truck, rail, 
aircraft, and ship) would be used to transport the payloads and rocket 
motors.. Trucks and railroad cars would be the likely candidates over 
ground. Ships or air transport could be used If the site were 

inaccessible by other methods. 

4.4.1. 3 Projectile Preparation at launch Site 


When the payloads and motors arrive at the launch site, they 
would be placed In a storage facility. When the scheduled launch time 

approached, the motors would be removed from storage and stacked. The 

payload would be Integrated and the projectile assembled. The projectile 
would then receive a prelaunch checkout before being transported to 
the launcher facility. 

4.4. 1.4 Launch Operations 

At the scheduled launch time, the projectile is loaded Into 

the breech of the launcher. All launcher systems are checked out and 
the launch tube Is. evacuated prior to launch.. Charging of the homopolar 
generator begins. 

Weather and wind conditions would be checked and launch 

clearance given from the proper authorities before the final Countdown 
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begins, A launch site alarm would be sounded warnlngL all persons to 
be cleared from the area. 

The final launch countdown begins after all systems are readied. 
The launch systems are computerized and fully automated. A solid armature 
Is attached to the rear of the projectile behind the protective sabot. 
Current flows through the armature providing the force required for 
launch. Switching of the current Into each segment Is activated by 
the projectile movement through the launcher tube. When the projectile 
leaves the rail gun,. It is travelling at 2 km/s. After a brief coast 
period, the second stage (rocket first stage) Is Ignited. The stage 
Is jettisoned following burn-out. The rocket second stage Is then ignited 
and is also jettisoned after burn Is completed. The rocket third stage 
Is fired at orbital altitude and places the payload in Its proper orbit. 

4.4. 1.5 Trajectory Monitoring 

A telemetry system was assumed to be Included as part of the . 
projectile system. The payload could then be tracked during Its 
trajectory and on orbit to facilitate retrieval by the OMV for transport 
to a space station. 

4.4.2 System Element Definition 

Definitions of the hybrid rail gun/rocket system elements are 
provided in this section. The six major system elements discussed here 
are: 


• Projectlle/payload characteristics 

• Surface transport systems 

• . Launch site support facilities 

• Launcher system 

t Monitoring systems 

• Space destination. 

4.4. 2.1 Proiectil e/Payload Characteristics 

4.4.2. 1.1 Payload . The payloads to be delivered to low-Earth 
orbit by the hybrid rail gun system would include: 

• Orbit Transfer Vehicle propellants 

#. Space station supply items 

• Materials for space processing activities. 

These payloads are described In more detail In Sections 2.1 and 4.2.2. 1.1. 

Despite the lower accelerations of the hybrid rail gun/rocket 
launch compared to the Earth- to-orbl t rail launcher (100 g versus 1225 g), 
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Rocket motor stages 

Solid propellant 

Payload 

Nose cone 

Instruments 

Sabot/armature 

Fins. 
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TABLE 4 - 3 . HYBRID RAILGUN/ROCKET PROJECTILE HASS SIMMRY 


Projectile Subsystem 


Mass (kg) 


ay i 
Propellant 

Propulsion system/casing 

Instruments 

Nose cone 

Fins 

Sabot /armature 


which allows T ke iower t 0 r str t uaura , I e !X Ve f 1 J am ? nt ‘ WOund «««. 

filament- wound cases can be ^trL.T L th steel " ould * since 
permissible limit If ^ ‘he 
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Length * 12 m 
Diameter * 1.0 


FIGURE 4*14. HYBRID RAILGUN/ROCKET PROJECTILE 
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Peterson, 1970). The cases would be loaded with solid propellant 
consisting of approximately 16 percent aluminum, 14 percent polybutadiene, 
and 70 percent ammonium perchlorate. Approximately 12,700 kg of solid 
propellant (290 sec Isp) would be required to launch an 800- kg payload 
to LEO after an Initial 2 km/s boost via an EML. 
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The Instruments and payload shroud/ne«e cone would be similar 
to those used on conventional expendable launch vehicles. “Pop-out 11 
fins like those on missile systems would be used to stabilize the 
projectile during Its atmosphere flight. The fins would be concealed 
Inside the structural casing during launch to accommodate the round 
launcher tube bore. When the projectile exits the launcher tube, the 
fins would be opened to stabilize the vehicle. The 100-g acceleration 
environment should not provide any real problems, since pop-out fins 
are used for gun-launched missiles which also experience, high 

accelerations. . 



A sabot/armature system would be attached to the back of the 
projectile. A solid armature was assumed because of the 2 km/s velocity 
limit. The sabot would Insulate the projectile from the conducting 
armature and would be made of a non-conducting material. 

4. 4. 2. 2 Surface Transportation Systems 

The payloads and solid-rocket motors would be manufactured 
in facilities away from the launch site. Conventional methods of surface 
transportation would be used to transport the payloads and motors to 
the launch site. A combination of truck, rail, aircraft, and ship systems 
would be used, depending upon the location of the launch site. Aircraft 
could be used to transport personnel and high-priority materials directly. 

4.4.2. 3 Launch Site Support Facilities 

Facilities which would support launch site activities include: 
power plant, projectile storage and check-out facilities, general storage 
facilities, administration and engineering facilities, industrial area, 
community living area, liquid gas and water plant, and other miscellaneous 
facilities. Except for the power plant and projectile facilities, the. 
areas would be similar to those described In Section 4. 2.2. 3 for the 
Earth- to-orblt rail launcher and are not discussed here. 

ft 

4. 4. 2. 3.1 Power Plant . Because of the lower power 
requirements, a dedicated nuclear power plant Is not required for the 
hybrid EML/rocket launches. Utility power would be adequate. 
Transmission lines would be required and a substation located on. the 
launch site may be required as well. 

4. 4.2. 3. 2 Projectile Storage and Checkout Facilities . A 
facility to store, process, integrate, and checkout the projectiles 
would be required. Storage of at least 35 projectiles (105 rocket motors) 
and payloads would be required, corresponding to one week's supply at 
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a launch fate of five per day. The solid rocket motors would be stored 
from time of arrival until just before launch, when the three-stage 
rocket would be stacked and the payload would be Integrated. At that 
time, the ^assembled project! le would be moved to the temporary storaqe 
facility at the base of the launcher. s 

4. 4. 2. 4 Launcher System 

* * .u Th * hyb, i d rail gun/ rocket system would launch supply payloads 
to_ Earth orbit. The rallgun would accelerate the projectile at 2 km/s, 
after which the three-stage rocket would supply the remainder of the 
required OV to reach the desired orbit. The launcher system would be 
based on a mountain side Inclined at an angle of 20-degrees from the 
horizontal . 

- i. figure 4-15 and 4.-16 provide cross-sectional and. side views 
of the rail gun launcher system. The rail launcher would have a circular 
bore, 1 m in diameter. AMZIRC (a copper-zirconium alloy) would be used 
to construct the rails.. The rails would be electrically Insulated and 
spaced by a non-asbestos fiber- reinforced insulator material. A Kevlar 
force containment tube would confine the rails and insulator materials. 

Distributed along the launcher tube, 750 homopolar generators 
and inductors would provide energy to the launcher. Switching of the 
current would be activated by the projectile movement through the rail 

Launcher systems which are discussed in the following 
subsections, are listed below: 9 

• Bore and rails 

• Energy storage 

e Launcher support structure 

• Switching and control 

• Temporary projectile storage facilities 

• Service and access systems. 

The launcher system concept options are shown In Figure 4-17. 

Bore and Ralls . The rail launcher would have a 

1 1n ' diameter - The minimum bore diameter was 

calculated for AMZIRC. rails. With a for$e on the projectile of 14.7 MN, 
the resulting minimum bore area Is 350 cm*. This corresponds to a minimum 
bore diameter of 21 cm (for a round bore). Since the projectile was 

?? \ m diameter, the bore is much larger than the minimum 
required for rail structural Integrity. 

AMZIRC was chosen for the rail material because of its good 
strength and conductivity properties. The rails would be separated 
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FIGURE 4-16. HYBRID RAILGUN/ROCKET SYSTEM SIDE VIEW 
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by non^asbestos fiber-reinforced Insulator materials. To contain tube 
stresses during launch, the launcher tube Is wrapped In Kevlar. The 
bore section Is seen In Figure 4-15. 

4*4.2. 4* 2 Energy Storage . The homopolar generators (HPGs) 
and Inductors discussed in Section 4. 2. 2. 4.2 would be used as the energy 
storage devices for the hybrid launcher system. Assuming the same 
transfer efficiencies from HPG to Inductor to rail, 750 HPG/inductor 
units (56-MJ HPG) would be required to launch the 15,000 kg projectile 
at 2 km/s. The storage devices would line the length of the launcher 
tube at 2.7 m center- to-center spacing, as shown In Figure 4-16. 

^ 4.4.2.4.3 Launcher Support Structure . The proposed launcher 

support structure is Illustrated In Figure 4-15. A concrete foundation 
would support the launcher tube maintaining Its alignment over its 2-km 
length. The concrete bed would also help to prevent rail separation 
and damage caused by launch forces. The homopolar generators and 
Inductors would rest along one side of the foundation, eliminating the 
need for an additional HPG support structure. 

4. 4. 2. 4. 4 Preaccelerator System . As Indicated in Figure 4-17, 
a preboost system is not technically required because a solid armature 
is used (no erosion of the rails due to plasma dwell time). However, 
it was felt that a small preaccelerator may be advantageous to initiate 
the projectile motion up the 35-degree elevation angle. Velocities 
of up to 100 m/s were felt to be sufficient. 

. . , 4.4.2.4.S Switching and Control . Switching mechanisms would 

be similar to tne tarth-to-orbit rail launcher (Section 4.2.2.4.5). 

4*4.2 4.6 Temporary Projectile Storage Facilities . Each 
day, projectiles would be moved from the large storage and check-out 
facility in preparation for launch. Temporary storage of projectiles 
would be accomplished in a facility located at the base of the rail 
launcher system. The facility would be required to store one day's 
supply of projectiles or at least 10 projectiles (2050 high model). 

, 4*4.2.4.7 S ervice and Access Systems . Access to the launcher 

system would be provided by crane and transport rails shown in 
Figure 4-15. This access would allow routine maintenance or emergency 
repair to occur. The rail system was chosen over others because of 
the 35-degree launcher elevation angle. 

4.4.2.S Monitoring Systems 

Projectile trajectory monitoring would be required after launch 
for range safety reasons, and in flight to insure the rocket motors are 
performing as expected. Telemetry would be included in the rocket 
projectile to communicate the required data. The projectile would also 
need to be monitored on orbit to facilitate retrieval for delivery to 
the space station. 
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4. 4.2. 6 Space Destination 

Low-Earth orbit is the primary destination of the hybrid rail 
launcher. Specifically*, the system was designed for launch to a 500-km 
circular orbit. Other orbits would be possible, at the expense (or 
gain) of payload mass. 

4 .5 Hybrid Coaxial Accelerator/Rocket Concept 
4.5.1 Concept Definition 


The hybrid coaxial accelerator/rocket concept for material 
delivery to low-Earth orbit consists of five major operational activities: 

(1) Projectile fabrication 

(2) Surface transport of projectile 

(3) . Projectile preparation at launch site 

(4) Launch operations 

(5) Trajectory monitoring. 

These activities are the same as those described In Section 4.4.1 for 
the hybrid rail gun/rocket concept, except for the launch operations 
activities which are discussed here. Definitions of the individual 
hybrid system elements are presented In Section 4.5.2. 

The projectile Is removed from the temporary storage facility 
and placed In the launcher tube. The Brooks coll energy storage Inductor 
Is charged. All launcher systems are checked out and the launch tube 
is evacuated before final launch countdown begins. 

Countdown begins after weather and wind conditions are checked. 
The proper authorities would be notified to obtain clearance to launch. 
AU persons would be cleared from the Immediate launch vicinity. 

When all systems are readied, the computerized launch sequence 
begins. Projectile motion Is Initiated and switching of current Into 
the active segments behind the projectile colls occurs. The muzzle 
launch velocity Is .2 km/s. Rocket procedures are . the same as described 
In Section 4.4. 1.4. 

4.5.2 System Element Definition 

The six major coaxial accelerator system elements described 

In this section are: . 

• Projectile/payload characteristics 

e Surface transport systems 

e Launch site support facilities 
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• Launches system 

e Monitoring, systems 

• Space destination. 


4.5.2. 1 Projectile/Payload Characteristics 


4».5»2« 1. 1 

described in Section. 


Payload . 

4.4.2. 1.1 


The payload would be Identical to that 
for the hybrid rail gun/rocket system. 


, 4.S.2.1.2 Projectile , 

coaxi a 1/rocKec concept is. shown 
following subsystems: 


The proposed projectile for the hybrid 
in Figure 4-18 and consists of the 


• Rocket motor stages 

• Solid propellant 

• Payload 

• Nose cone 

• Projectile coils 

• Fins. 


. „ The three solid-rocket motor stages are similar to tho$£ a<«um 

IZ u the hybrid rail gun/rocket (Section 4 9 4. 2. 1 2) During fabrl cation 
copper rings (projectile coils) would be imbedded in the 

dllmeter a if nft m 9 * Th aCh ri u n9 would be 2 ~ cm thick with an outer 

diameter of 0.8 m. The axial length of the rings would be 6 cm 


The rest of the 
rail gun/rocket projectile. . A 
is given in Table 4-4. 


projectile is similar to the hybrid 
mass summary of the proposed projectile 


TABLE 4-4. HYBRID COAXIAL/ROCKET PROJECTILE MASS SIAMARY 


Projectile Subsystem 


Mass (kg) 


Payload 

Propellant 

Propulsion System/Casing 

Instruments 

Nose Cone 

Fins 

Projectile Rings 
Total 


800 

12,700 

900 

20 

180 

100 

650 

15,350 
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FIGURE 4*18. HYBRID COAXIAL/ROCKET PROJECTILE 
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4.5. 2. 2 Surface Transportation Systems 

Surface transportation would be accomplished by systems 

identical to those used for the hybrid rail gun/rocket concept. The 
methods would depend upon the location of the launch site. 

4.5.2.3 Launch Site Support Facilities 

Launch site support facilities would be similar to the 
facilities described In Section 4. 4. 2. 3 for the hybrid rallgun/rocket 
concept. The facilities would Include: utility power plant substation 

and/or transmission lines, projectile storage and general storage 

facilities, administration and engineering offices, industrial area, 
community living area for a remote site, liquid gas (LN? required to 
cool Brooks coil energy storage Inductor) and water plant, and other 
necessary facilities. 

4. 5. 2. 4 Launcher Systems 

The hybrid coaxial /rocket system would launch a rocket 
projectile to a velocity of 2 km/s using a coaxial accelerator. The 
remaining velocity required to reach low-Earth orbit would be supplied 

by the three-stage rocket. The launcher would be located on a mountain 

side with an elevation angle of 35 degrees. Figure 4-19 provides a 

cross-sectional view of the launcher system. 

The drive coils are 2040 m long and made of a copper-alloy 
material. The drive coils are encased in Kevlar to provide electrical 
insulation and tube structural containment. 

A single large Brooks coil energy storage inductor would supply 
energy to the drive coils. Switching would be coordinated so that ten 
turns behind each of the 80 projectile coils would be active at all 
times as .the projectile is accelerated through the launcher tube. 

This section describes the following launcher systems: 

• Drive coils 

t Energy storage 

• Launcher support structure 

• Preaccelerator system 

• Switching and control 

• Storage facilities 

• Service and access systems. . 

The hybrid coaxial accelerator/rocket concept options are provided in 
Figure 4-20. 
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4.S.2.4*! Drlvfe Colls * The drive colls would be fabricated 

from a single layer of rectangular copper-alloy wire Into a continuous 
helical winding. Dimensions of the drive coils are: Inner radius of 

40.2 cm, outer radius of 41.2 cm* length (of helix) of 2040 m. Ten 
turns would be active behind each projectile coll with an active axial 
length of 10 Cm. 

A Kevlar tube structure would encase the dr1,ve colls to provide 
electrical insulation between turns and to contain hoop stresses during 

launch. The Kevlar structure does not need to be as thick as for the 

hybrid rail gun/rocket because the hoop stresses are lower due to induction 
effects from the projectile colls. 

4.15.2.4.2 Energy Storage . The energy storage device for 

this concept would be a single Brooks coil. Inductor* Muzzle kinetic 
energy of the projectile would be 30 GJ. Again assuming an 86 percent 
transfer efficiency (see Section 4. 3. 2. 4. 2), the energy storage 
requirement Is 35.3 GJ. The Brooks coil would be made of aluminum wire 
and would be cooled to liquid nitrogen temperatures. 

4. 5. 2. 4. 3 Launcher Support Structure . Figure 4-19 shows 
the launcher tube partially embedded in a concrete foundation. The 
support structure is used to maintain launcher rigidity over its 2-km 
length and to prevent drive coil damage due to hoop stresses during 
launch. 


4. 5.2.4. 4 _ Preaccelerator System . A small preaccelerator 
system was envisioned to initiate projectile motion. Velocities of 
no more than 100 m/s were seen to be necessary. 

4.5.2.4.5 Switching and Control . Switching and control of 
currents through the launcher system would be similar to that discussed 
In Section 4. 3.2. 4. 5 for the Earth- to-orbit coaxial accelerator system.. 

4* 5*2* 4. 6 Temporary Projectile Storage Facilities . The 
projectile storage facility located at the base of the launcher would 
be similar to that described in Section . 4. 4.2. 4.6 for the hybrid 
rail gun/rocket launcher. 

4.5, 2. 4. 7 Service and Access Systems . To provide access 
to the launcher system for maintenance and repai r purposes* a rail 
transport system similar to the hybrid rail gun/rocket concept would 
be used. 


4. 5. 2. 5 Monitoring Systems 

Trajectory monitoring and orbital tracking systems would be 
identical to the corresponding rail launcher system (Section 4. 4. 2.5). 
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4.S.2.6 Space Destination 


, Th £ P rimar y payload destination would be a 500-km circular 
orbit In which a space station was presumed to be orbiting. Other 
low-Earth orbits would be possible with varying payload masses. 
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5.0 SAFETY AND ENVIRONMENTAL IMPACT ASSESSMENT 

This section documents the preliminary safety and environmental 
impact assessments of the reference concepts. No significant differences 
were seen between. the rail gun and coaxial accelerator concepts; therefore, 
they are considered to be of similar environmental risk, except where 
specifically noted. Section 5.1 presents the preliminary safety 
assessment. The environmental impact analysis Is summarized In Section 
5.2. The 1982 ESRL study should be referred, to for additional data 
and information regarding safety and environmental Impact. 

S.l Preliminary Safety Assessment 

A preliminary safety assessment identified the following rnaior 
accident events: 

•. Reentry of hardware (deliberate and accidental) 

e Projectile break-up 

• Liquid propellant spills ( Earth- to-orbi.t concepts) 

•. Propellant fires at the launch site. 

These events were identified as those which could Impose a hazard to 
the human population or the biosphere. 

The largest safety risk was seen to be reentry of the nose 
cone and payload support structure for Earth-to-orblt launches and of 
the nose cone and spent stages for hybrid systems, as well as the 
possibility of projectile break-up in the atmosphere with its resultant 
release of material and the uncontrolled reentry of projectile pieces. 
Should these events occur over populated areas, the damage could be 
significant. The launch site location must be sited ‘so as to avoid 

any overflight of populated areas. 

Propellant-related risks would be comparable to those 

experienced by existing NASA space programs. Adequate safety procedures, 
similar to those required for other programs* must be used to prevent 
the possibility of toxic propellant spills and "on-pad" f^es. Every 

effort must be made to avoid toxic exposures to workers a>. u the local 
uncontrolled human population. . 

$.2 Environmental Impact Assessment 

An in-depth environmental Impact assessment of the reference 
concepts was not possible in this study. However, we did review the 
reference concepts to assess certain environmental Impact areas to deter- 
mine if any critical issues exist which might prevent EML development 
for space missions; none were found. . 

The environmental impact areas for the reference concepts 
were assessed in two major categories: (1) facility development and 
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t^th^nex^two Sections St1n ^ " d O(,eratl0,,s - The “ a ™« discussed 
Se2*l Faci lities Development and Construction 

The environmental Impact for facilities develonmont *nA 
construction Is highly dependent upon the location at whirfj P the site 
s constructed. No specific location for the launch site was selected 

in this study If the launch site were placed in a remote a ea ^he 

environmental Impacts to the area could be signlf i cant r however’ the 

5° h . th i e n W qUa U ty if the humart environment fro^^Vemote 
fl te I?* ' 1ke , ly b ® lower the impact from a non-remote site Maior 

fetNonV*?!^?, d6 : e l 0|roe r t ■•«« 1n,0l, e the ftiloJfug- 

habitats »«1neti? n M SJ* ’,^ d ? StruC i ti0 .° at , ,e 9«tat1on and wildlife 

archeological *£«.« '.V ^ nima ' . s P«<es, and disturbance of 

arcneoiogicai sites. Site Selection criteria Should take account of 

these possible impacts and could be used to minimize these effects, 
are listed^owf* ° f facil1tieS that afe anticipated for -the concepts 

• Launcher system 

• Power plant and utility lines 

• Roads 

o Airfield and rail lines 
Buildings. 

Sc^Vtfafe ° f a ^l ro r ntal . in, P acts caused by the construction of these 
facilities should be typical of any construction activity in an 
undeveloped area. The construction of the launcher system and^irfield 
runways could peso significant impact to the area. The construction 
of power plant or utility lines, roads, buildings, and rail lines Is 
not expected to. pose significant environmental effects. 

of aluminum te conI,Bf USa . 9 nH "l* ?' S0 be addressed - Although large amounts 
or aluminum* copper, and steel are necessary for construction of the 

< h *Jf act t0 u - s - and world annuaT consumP^on es??! 

mAnt< fnr f? 00 1 * expected to be minimal . The materials require- 

1n Tab/e 5-l! 1 tl0n ° f ® ach 0f the refereftce concepts are presented 

5.2.2 Testing and Operations 

This section discusses the expected environmental imnarf* 
T™ "°™ al testing and operation of the reference concept systems? 

impacts were assessed assuming the fifty-year average of fTiohts 
per year from the traffic models shown in Tables 2-5 and 2-18 Ten 

filShJr f 6r v? ay were assumed for tha Earth- to-orbit systems and five 
flights per day were assumed for the hybrid EML/rocket systems*" Areas 
of concern relating to this impact area include: y Areas 
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• Soni c booms 

• Power plant emissions 

• Chemical effluents 

• Solid waste disposal 

• Materials usage 

• Orbital debris (hybrid EML/rocket concepts). 
The following subsections discuss each of these concerns. 

S.2.2.1 Sonic Booms 


was S ° n -f boon L gyration from the EML launches 

was investigated. The magnitude of the sonic booms produced bv the 

reference concepts was calculated following the procedure described 
In Section . 5.3.2.1 of Rice, el al (1982). . The equations ^ used In the 

equatlSn n Jas? re d * Hved ff0m Sed ° V (19S$) * The ^ eHved P^ossure-rlse 


a* * 0.082pV2c d d2 


where Ap = pressure rise 

P * atmospheric density 
V a projectile velocity 
C d = drag coefficient 
d s projectile diameter 
X * radial distance from the disturbance. 


Table 5-2 lists the distances calculated for various sonic boom over- 
Th / , cr n ,t1c ?) d1st3nces calculated H^lng a drag 

f . }'° whlch t " e l Jresented the sabot jettison 9 for the 
Earth-orbital railgun concept and the stabilization fin extension for 

betwee t n he the C °E^t P h t • ** 1 96 d1ff ® renCes ^ critical distance are evident 
between the Earth-orbital concepts and are explained by the factor-of-two 

«r e n T Ca a 1 " JL roJect,1e 6Umeter for the raligun projectile 

are s^mlle/li n ™ f COax1al 1 projectile). The hybrid projectile dimeters 
are similar (1.0 m for railgun and 0.8 m for coaxial). 


The overpressure limits were provided in CPIA (1972). At 
dl ? ° Y 6 r*pr* e s s u re of 20.7 N/cm2, the lethal threshold is reached. Persons 

case^-Ea^th orbital 1 rsH f tanCe for .l etha \ ity , < w1thln 15 m for the worst 
hnmL .?«*?] aTl9 H n concept) would likely be killed. An average 

40 m nfVhl v ; ould . ex P ene 5ce. ruptured eardrums at 3.45 N/cm2 within 
40 m of the launcher muzzle for the worst case. Window breakaoe of 
epical glass would occur at 0.345 N/cm2, while "uncontrolled a 9 reas" 
would typically experience 0.138 N/cm2. Sonic booms on the order of 
supersonic aircraft at high altitudes would occur between 165 and 700 m 
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depending upon which reference concept Is assumed. At distances of 
the order of hundreds of meters away from the launcher muzzle, most 
animals would leave and seek other habitats. People living or working 
within several kilometers would likely be annoyed by the boom. Based 

upon this preliminary assessment, it Is concluded that localized damage 
to the biosphere would be evident In the region near the muzzle of the 
launcher and that animal species in the vicinity of the muzzle would 
probably migrate to other locations. Effects at larger distances are 
not believed to be significant. 

5. 2. 2. 2 Power Plant Emissions 

A nuclear power plant was assumed for the Earth-orbital 
reference concepts. Normal emissions from nuclear reactors are not 
expected to pose -significant hazard to the environment. The radiation 
dose to plant workers and the risk of accidents are not expected to 

be different from other, nuclear facilities currently operating under 
federal guidelines. The hybrid EML/rocket concepts assume the use of 
utility power. The environmental Impact should be similar to existing 
power plants. Emissions from the power plant are not expected to be 
of significant environmental impact. 

5.2. 2.3 Chemical Effluents 

The major chemical effluent resulting from testing and 

operations are those related to the use of solid propellant in the hybrid 
systems. HC1 emitted from the solid propellant motors at high altitude 
could cause a reduction In the ozone concentration in the stratosphere 

and cause ionospheric disturbances. Hybrid solid systems, however, 
would be of less consequence than an all solid launch vehicle that burns 
propellant in the lower toposphere. Also, it is expected that various 
types of cleaning solvents and various propellant contaminants could 
be released into the biosphere (air and water). Tnese activities are 
not expected to be o.f major significance and are expected to be comparable 
to those of current Space Shuttle launch activities. 

5. 2.2. 4 Solid Wastes 

It is expected that solid wastes, including the production 
of waste propellant in solid motor production for the hybrid system* 
would be similar to those from current Space Shuttle operations or from 
typical industrial operations. No significant environmental impact 
is expected from the generation of solid waste produced from the testing 
and operation of the reference concept systems. 

5.2.2.5 Materials Usage 

Table 5-3 presents the major material requirements for the 
Earth- to-orbit reference concept projectiles at the rate of ten launches 
per day and compares these requirements with the estimated annual U.S. 
and world consumption in the year 2000. The major materials requirement 


BATteLLi — Columbus 





o 

00 

&% 


CL 

© 

co 

0) 


o 

CO 

«n 


c 

© 

</) 

© 

•r- 

£ 

<o 


w 

© 

© 

© 


<o ft C © 

^SiSuJ 

■© © m « so 

C i- Ur-0» 

(O ’P* f* •<* fH 

3) 3 <0 
s- cr cr > * 
© © © © JS 
4 *> U &. *> 

© -M i- 

© fci-* © <d 
h 3 (O CU. 
Cfl*r* 

1=5.3 8 
£S3,2i 






5-8 





Z ry^2VA d 80 6 MY™ k fo t “;^n S in S t ° , 1 , s d W?”**-' « «*e launches 
glance, this seems to be a r t quired per ^ ear - At first 

launch uses 1010 MT of solid nJ^n*nT t sJ K)wever * 0ne Space Shuttle 
requirement Is then approximate! v * * A Th |, a hybr1d EML/rocket 

WW.2TS KSJnsjsg - 
skit,. — » 

materials, namely CIfV^NoH^ ^nd^soHd *!? nec .® ssa ^ to produce certain 
‘ t « „ not crltful & tffSSfi ^s° f the “ 

5.2.2. 6 Reentry of Hardware. 

(Section 5.1) and^fn The mi ss i on $ ^au i rem*n f d * n , the saf?et y assessment 
During testing and operational IctlJltfir (S J ecti0n 3.5.2). 
support structure would be ietticnnan » J 5 ^°se cone and steel payload 

of the Earth-orbl taT conceDtV Vten 6 n a w° U ^ reef l ter i w every launch 

nose cones would reenter P for hybrid EML^r£ckIt 9 *i ‘ S K pent > sta 9 es and 

1»2«2#7 Orbital Debris 

m ^-SK rendezvous 

propuuion^rirA isLsariirS z & e sution - The 

tion in the* 1 o rb Ha^debrh s U a rea^ ^The 1 mi ? ™ S 5 urTer,tl > receiving atten- 
ding of spacecraf t and damage to^olar Trrlll 6 P Th* fllti* f y c J use 
would be en orMtai (neawfiA* *oiar arrays* The flnel staoe burn 

Most of the particulate would deTrbU?^however *1 1 i^posslbl^ th t° rblt ‘ 

Further 1 *ana lysl! *s 1 s"* 4 required^ * nc 1 udl ? d ^ ll^ 3pace °Sta 1 1 on 1 systems? 
and an Investigation of d alternatives ^eh !f ! trajectory analysis 
stage. This debris Issue 1121a J?l U liquid-propellant upper 
development. should, not prevent hybrid EML/roeket 

5.3 Conclusions 


assessments^?- the^re^rence^oS no f t? y envir 5 ,nfnen ta1 impact 
mental Impact problems ha ve been P found safety w ®^i?on- 

be considered when selection of the launch siK la <V 0n *d 0Ver rJ 9ht m V st 
construttlon of faciHtf ,,' *,? & enXS 
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impact to the local area; however, this Is not expected to be significant. 
Sonic booms would create localized problems for animals surrounding 
the launcher system, but few effects are expected on the human population. 
No major Issues have been found thus far in the safety and environmental 
impact evaluation to prevent EML development for space missions. 
Economics appears to be the most Important non-technlcal Issue. 
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6.0 EHL COST ESTIMATES 


Th !f section documents cost estimates for the coaxial and rail cun 
electromagnetic launchers and examines the cost competitiveness of the 
EML concepts as applied to near-term (2000-2010) bulk supply missions. 
The EML concepts are compared to conventional chemical launch systems, 
such as the Space Shuttle and a solid-propellant rocket. 

the * E ? L r eference concepts ( Earth- to-orblt EML and 
hybrid EML/rocket concepts) using rallgun and coaxial accelerators have 
been estimated according to the Work Breakdown Structure (MBS) in Tables 
6-1 and 6-2. The resulting investment costs estimates are shown in Table 
6-3. The goal of these estimates is to provide a comparison of the rallgun 
™!L. C £ a £ 1al techr l ol ? 9 les in the area of costs, and to examine the cost 
competitiveness of these concepts versus fully chemically powered launch 
systems such as the Space Shuttle and an all -sol Id-rocket launch vehicle, 
.he cost Information developed here relies strongly on our previous 
investigation of rallguns (Rice, Miller and Earhart, 1982). P 

, . . , The ESRL report and this report use 1981 dollars. To 

adjust total cost estimates given In 1981 dollars to 1984 dollars, multiply 
by 1.16 to reflect Consumer Price Iridex inflation of about 5 percent 
per year. Material costs, however, have not exhibited uniform inflation, 
and In some cases are lower than In 1981. ’ 

. . , Th ® Work Breakdown Structure does not include research, 

technology development, and design efforts prior to formal Initiation 
of an EML development. These are not Included because the research is 
applicable to many other activities and some of these costs may be paid 

b Lu-°l e i ac t TV 1ties, and because advanced research and technology costs 
are highly uncertain. 

The research and design costs used for the larth-to-orbit EML 

V* same as u * ed 1n the esRL report, about 10 percent of 
the initial investment for that high-capability, system. The expected 

ar^sllo Hi 1911 ! 1S *i 66 u . M, u and the l0w and high estimates 

are 5320 M and $633 M. The low and high costs are believed to represent 

k-u *P rCent confidence Interval for research and design expenditures, 
while the expected value approximates the mean of the cost distribution. 
IJJ* interpretation Is given to all use of the terms low, expected and 
estimates. the h y br i d EML/rocket, the research and design 
are expected to be somewhat lower, reflecting the lower level of 
capability^ required. The costs am assumed to be two-thirds of the 
f PLJ*b e Earth ~P r bita1 EMLS. This, procedure gives a range from 
$200 M to $400 M with the expected value $300 M. Project resources do 
IfL P 6 ™ 11 The detailed investigation of the resource requirements for 
research and design for .either concept. The comparison of the associated 
if^i of ,J; he rail 9 u n and coaxial EML concepts is conducted at the system 

e i V6ry i a * ternpt t( t k £ ep th6 systems mission-equivalent. At 
the present level of understanding of these concepts, it appears that 
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TABLE 6-1. EML DEVELOPMENT AND INVESTMENT NORN BREAKDOWN STRUCTURE (MBS) 


1.0 Facilities and Supporting Systems 

1. 1 Land 

1.2 Power Plant or Substation 

1.3 Personnel Support Facilities (housing, roads, sanitation, school) 

1.4 Shipping Docks, Storage, and Transportation. Facilities 

1.5 Airfield and Hanger 

1.6 Industrial Area (Equipment Refurbishment) 

1.7 Administration/Engineering Buildings 

2.0 Launcher Systems . 

2.1 Mountainside Structures 

2.1.1 Launcher Tube Housing 

2.2 Launcher Tubes 

2.2.1 Copper Alloy Conductors (rails or colls) 

2.2.2 Spacers- Insulation 

2.2.3 Kevlar Containment 

2.2.4 Vacuum Container and Exterior Insulation 

2.3 Launcher Energy Storage (includes hydraulic motors and hydraulic 
distribution) and Supporting Structures 

2.4 Inductors and Switches (includes LN^- distribution system) 

2.5 Preboost System 

2.6 Power Conversion Facilities 

2.7 Water Distillation Plant 

2.8 Gas Handling Facilities 

2.8.1 Liquid Nitrogen Plant and Storage 

2.8.2 Evacuation System for Launcher Tube 

2.8.3 Water Electrolysis Plant 

2.9 Elevator Systems and Projectile Handling Devices . 

2.10 Control Center, Controls, and Monitoring Systems 

2.11 Tracking Systems 
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TABLE 6-2. EML DEVELOPMENT TEST PROGRAM AND OPERATIONS 


3.0 Projectiles and Mission Peculiar Equipment 

4.0 Operations 

4.1 Management and Support 

4.1.1 Management 

4.1.2 Engineering 

4.1.3 Facility Support 

4.2 Power Plant Operations (Supplies and Crew) 

4.3 Technical Personnel and Supplies 

4.3.1 Control Center Crew 

4.3.2 Launcher Equipment Support Crew 

4.3.3 Equipment Refurbishment Crew 

4.3.4 Power Conversion Facility Crew 

4.3.5 LN 2 Plant/Vacuum System Crew 

4.3.6 Project 11 e/Payload Operations Support Crew 

4.3.7 Facility Utilities Crew 

5.0 Development Test Program 

5.1 Test of Launcher Segment(s) 

5.2 Development of Projectiles 

5.3 Transient Housing at Launch Site 

5.4 Launcher Operations Costs During Tests 
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TABU 6-3. EHL INVESTMENT COST ESTIMATES ($, M. 1981) 
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the coaxial accelerators provide lower levels of stress (for normal 
operations) on both the launcher and the projectile. This lower "level 

Jed eX WMil* t0 J°S r re ? u1rements and less mass In the launcher 

!J d p *^ ect11e ». an A **rttore a lower level of costs. It also appears 
that the non-kinetic electrical energy storage devices (Brooks colls! 

u<L t fnr C< ?h Xlal 5? ncepts GOSt less than th e homopolar generators (HPGs) 
used for the rail gun concepts. Railgun technology, however, has been 
demonstrated at higher accelerations and velocities than has coaxial 
technology and the railgun technology may yet prove to have other 

Jor an hVlSf S ®J? 1ch ' T 8 ** not baapparent at th « present time, especially 
en ,l rgy ?^ SS j° ns * ^ b ® system cost estimates here Include: (i) 
£J te L d ® v « 0pment and construction, (2) an Initial flight test program, 
a J) d ^ .« thirty years of operations. A cost summary section presents 

an overview of costs developed and the cost per unit mass of payload., 

6.1 Development and Investment Cost Estima tes 

, . , This section discusses the derivation of develooment and 

slstem« ent i «°Li St8 for f aGll1t j e s and supporting systems and for the launcher 
Thf*?* 8, >°u W ; . exp ® c . ted and high estimates are presented In Table 6-3 
estimates can be considered an estimate of the 50 percent 
2l? d SSLJ nterva w * for ® xpeGt ® d costs. To maintain visibility of the 
1 1 ff ^ C ^, be ^ ^ > a " d c f axial systems * unities costs 
t^change S them f b< th technolp 9ies unless there is an obvious reason 


^•1*1 Facilities and Supporting Systems 


i S1X basic .categories are considered and costed (1) land, (2) 
power * (3) personnel support, (4) transport facilities, (5) 
roads tf1al ar6a * ^ 6 ad(n1n1stratlve/e ng1neer1ng buildings and access 

6. 1.1.1 Land 

th* C0nGepts c a mountainous island, or a mainland site, near 

«5 e ® duator A* . a ?f un, ® d v Scopes of 20 degrees (Earth- to-orbit EML) and 
35 degrees (hyorid EML/rocket) woald be required for distances of at 
least two kilometers, for the hybrid EML, a site at 2^5 degrees latitude 
hfit th6 a< #, Ce h tabl % t ? fab111tata inches to orbits with this inclination, 
b^ limited !tL la “ nch . oppo _ rtul11t1e s for a single space station would 
i f ^ ec L t0 one p ® r da y* far Art equatorial site* there would be 16 
l?t2 Ch wAHfH° WS i per k ay j t0 / s t ng1e equatorial space station. An equatorial 
Slte J"?- ld a so be des1rab1e far launches to higher orbits such as 

but these " ,s$ions ° utside tn * pH,Mr * 

hecture <8& fr ““ef of Ts 

requirement, an Earth- to-orbit launcher facility Is expected to occSpy 
from 24 to 40 km? US to 25 sq ml) while the hybrid EMUrocket laSnS 
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6 . 1 . 1.2 Power Plant 

f 3 s 

sSSS^SrSi 

?«!}*«''» <>f WjfjVi. at 1«st Victor Xuldtt 9 ;* M^et 

Asrra. £S. 

would be requued ^bott*^™. c ??2Pi* * 5 *° 30 m of capacity 

$2200 to $2800 ’per kWh capacity with' S £ U mJS$S2? * e0St fr0m 

to $1800 rai^tuh* 6 XT' 9 * CMl plant 1s expected to cost from $1400 

coal -powered’ uMts'to FHeSlaodVr ' *& 

$2600 P per kWh of %Ztf, with e^^llelf \%T& “> 

from $2200^ C ^ r $2800^w1th 9 an U ^)^ected O value r of t ^$2M0 'pK* ""VlM^ 

SWSJS t EML $ f^, H 1ty tO wlt $ b 280 a M 100 W Z ‘^ed^r 1 ^ 

expected to $££^ F £ 

io f I ^ i^SiSfr^ Ms^d of be $ jy; 

s «y°o U rare%r^^ °« 

r « fffcl- 
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T ocatt d up ° n th * »•** 

plant or’ ma jor t rahsmls si af!* S Un* e £ vtC l d1 stance f ™n the commercial 
Concepts , the hi gher 3 estimates aVe tsed. ° COmparab11it * **Nn 

6.I.X. 3 P ersonnel Support Facilttlgs 

schoor 6 aiTtt&W''' «•*. ««•««. 

workers' community with reasonable* ^fe would be a permanent 

work In sowesort of and t J ,a ‘,® ost workers would 

at $100,000 p^r pe rmanen t ly 9 stationed 5 ^mpl oyee* 

“ BiSS itfH. E£# 

require a “ M^ntenwM^c™; £ “« homopolar generators, would 

bui this Impact on fad Hues «sts Is «n£2?f» i° r co , a , x,al concepts, 
personnel facilities are costed on the *£? * e l# t0 be sma1 , 1 * Accordingly 
launchers as given in Section 6 2 & p ! r *°2!S l est1mates for 

estimated, with an expected^number ‘ of F 520 3 °thit° i!?? Personnel are 

milt ‘ St1 ” BtaS * w^V^d S 

$.1.1.4 Transpose Facilities 

relati,ely Tr M 9 \ POr ,li u « Cl o^ e \hoTSlrlod°s oTI’ 1 " 9 ,a ,T ol>ject5 «»■ 

These Include *<*/.*»*« t* snort periods of time would b r required. 

the location of the launched To^ th^ extent 4 Ppro P n ' ate t0 

can be used, additional costs could h» eX *2!J/i^ at e existif !9 facilities 
facilities are discussed b»1ow ar$» ? ea * air » anc * land 

with an expected cost Of $130 M , " t * d t0 cost f ™n $60 M to $200 M 

s a* a feWMl* *gs -arcs 


on the specific features of the X. such a's Tergal n K ° U d depan 2 
tte S Vr? 4d H V ex , 1sts - a " d *b et b«r Iherlfs a natural harbor NMle 

SESSS a siia 

port facilities would. need to be Improved. ** *’ * existing 

roads ...l' 1A '*U i. La " d Tw0 ., ane heavy . traffjc 

a w.«R RS :=H 
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hl t6 ma !<i n0t k P r °P? sed h6re » detailed land transport cost estimates cannot 
be made. An allowance of 20 miles of roads and/or railroads is made 

0^160 °f| t eStiltet8d in the ranga of $4 ° M t0 $8 ° M with an expected cost 
61. 1.5 Airfield and Hangar 

. . S1, ?ce high-value or sensitive cargos would not be used, an 

wnl i?ITL* Ca £? b Jf ° f « ccom ^ d «t1ng frequent flights of the largest aircraft 
wouUnot. be necessary. The local geography would be the major determinant 

ai r f l® ld coU » and this cost could . vary by as much as a factor 
of ten depending upon the site chosen. 

1 . I he * ES ? L report P rov1ded for ah airport which could handle 

the largest standard cargo aircraft and had two 6000 m runways, taxi ways, 

cos^from 1 ^^ 3^M n ?n^«inn d M 3 -1^ d6p0t; th8 airport was estimated Ao 
*' 3 M } $1 . 00 . M W1 ! h an ejected estimate of $56 M. Because, 
the facility is not envisioned for transporting hazardous and/or sensitive 
^ ; ad k s * 11 Probable that one runway would suffice and that the cost 

est mate Wl + th1h e * t1mat : es of * 20 M t0 «C M with an expected 

*™nX*t M * ?? st considerations, given in the ESRL report, include 

$3000 to $5000 per lineal meter of runway with minimal soil preparation, 
factors of 1 to 3 applied to these estimates, for grading, $450/m 2 for 

costs-for^a^ ’ ** M f ° r the fuel depot ’ and ten Percent of runway 
6* 1.1.6 industrial Area 

m ^ -.J^*! 88 */* e concept would employ a considerable amount of. 

moving machinery (such as homopolars, gas liquefaction compressors, etc.), 
numerous maintenance and repair activities are anticipated. Thus, a 
facility which could, repair and refurbish the equipment would be needed. 
J ne J® al |° be a need to store replacement hardware components in 

f; < Becau ? a °f, the uncertainty of the requirements for this 
arbitrarily estimated at $40 M to $80 M with an expected 
cost of $60 M, Including both buildings and industrial equipment. 

6. 1.1.7 A daini strati on/Engi peering Buildings 

The administration and engineering functions are expected to 
reach a peak during development and Initial operations, and then drop 
to a lower level as initial operational problems are resolved. Activities 
would rise to higher levels only if additional demand, justifying new 

2oi.irf P lft«+ me ! l Ju\ aun i hers * 1s achieved - The engineering development staff 
would most likely be accommodated In inexpensive buildings which could 

5. ji sed c \ , ater *° accommodate transient personnel during the operational 
t Sln 5® tbe t nitial motivation for construction of buildings would 
llk el y be the development test program, an estimate of $3 M to $5 M is 
charged to the development test program. 

frnm inn am* ^ aff * however, there are expected to be 

from 100 to. 400 people who will need permanent office or other working 
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space. This is expected to cost about $20,000 per worker, resulting 
in an admlnlstratiOh/engineering buildings cost of $2 M, $5 M, and $8 M 
for low, expected, and high estimates of 100, 250, and 400 workers needing 
these, facilities. . 

6.1.2 Launcher S vs teas 

All launcher systems are considered to he constructed along 
mountain sides. This would avoid the considerable cost of constructing 
tunnels over 2 km long as well as extensive underground access and working 
areas. This cost-reduction potential, however, restricts the number 
of potential sites, because slopes of approximately 20 degrees will be 
required for the Earth Orbital launcher concepts and slopes of 
approximately 35 degrees will be required for the hybrid EML/rocket 
concepts. Despite their appearance, mountain slopes of 20 to 35 degrees 
over a length of 2 km or more are relatively rare, and other geographical 
factors such as slope orientation and down-range safety zones further 
restrict the number of acceptable sites. An artificial mountain with 
a 2 km-long slope at 35 degrees would be approximately 1 km high. The 
earth-moving and stabilization problems associated with constructing 
an artificial mountain 1 km high would result In higher costs than 
tunneling*. _ 

6. 1.2.1 Launcher Tube Housing 

For ali concepts, the launcher tube and associated equipment 
would need to be firmly anchored to the side of the mountain and have 
a substantial cover from which overhead cranes can hang to move launcher 
equipment. Such a structure is assumed to be at least 2.1 km long to 
accommodate equipment at the breech and muzzle. This housing is expected 
to have the complexity of a four-lane Superhighway structure carrying 
elevated traffic. Four-lane superhighways currently cost from $2.5 M 
to $18 M per- km. ($4 M to $30 M per mile) (Ohio Department .of Highways) 
with the lower figure representing construction on level farmland and 

the higher figure representing elevated structures. The launcher housing 
would be built in a remote, mountainous area and would require substantial 
amount of site preparation. For a 2.1 km length, this leads to estimates 
of two to four times the maximum superhighway cost ($38 M to $76 M, with 
$57 M the expected cost). (If a subterranian complex were to be selected 
the facility construction cost is estimated to cost from $250 M to $540 M 
with an expected cost of $300 M— see discussion on pages 6-11 to 6-13 

of Rice, et al, 1982.) 

6. 1.2.2 Launcher Tubes 

All concepts would use launcher tubes with copper alloy 

conductors, insulation to hold the conductors in place, a Kevlar wrapping 
to contain normal and some accidental launch forces, and a vacuum 
container. The coaxial designs would operate at a lower current and 
higher voltage than railgun Jtaunchers, Since launch stresses are 
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proportional to the square of the current, and the coaxial launcher's 
lower current stresses are reduced by induction effects of the projectile 
coils, this results in a much lower level of radial forces on the launcher 
tube. The coaxial launcher tube, however, must still be protected against 
the effects of accidental currents and accidental Ignition of propellants. 
The additional wrapping to contain accidental overloads reduces the 
potential savings in tube construction costs that could be possible if 
overloads were not considered. Launch stresses for rail guns are much 
higher than for coaxial launchers. Accordingly,, the stress confinement 
wrappings allocated for normal stress confinement for the railgun designs 
are considered to be adequate for accident protection. 

Calculations of the launcher tube costs are presented in Table 
6-4. The tubes would have common components — conductors, insulation 
force confinement wrapping and an exterior vacuum container which would 
also provide a mechanical connection to adjacent tube segments. It is 
expected that the tubes would be manufactured in segments of convenient 
length to permit replacement of worn or damaged segments. The launchers 
would have circular bore cross sections with the exception of the railgun 
for Earth-orbital missions,, which would have a square-bore cross-section. 
The square-bore design is carried over from the ESRL report. Launcher 
tube configurations and their cost implications are discussed in the 
following four sections. 

6. 1.2.2. 1 Copper Alloy Launcher Conductors . The launcher 

conductors would be subjected to brief current pulses which should not 
provide so much heat that active cooling is required. The material 

selected is AMZIRC which is approximately 99.85. percent copper and 0.15 
percent zirconium (Engineering Alloys Digest, Inc., 1961). Based on 
a ^H p A ca A pr1ce for c °PP er forms of $1.76 per kg and a price for zirconium 
of $16.50 per kg, the conductors would cost $1.78 per kg. The density 
for AMZIRC is taken as 8.96 g/cc. ' y y 

It is expected that the conductors would be formed, heat treated,, 
surface machined, and later assembled into a complete tube segment amenable 
to handling and transport. Because these are traditional manufacturing 
practices and no advanced technology appears to be involved, the 
appr0 P nate lab0r factor for fabrication and installation in quantities 
this large is in the range of 2 to 3; a labor factor of 2.5 is the midpoint 
and is used to form the expected cost. 

6.1. 2. 2.2 Electrical Insulation . The rails or drive coils 
would require mechanical support and electrical insulation. For the 
coaxial launchers, where the voltages are high and the forces relatively 
low. It is expected that a synthetic rubber or plastic should suffice. 
Railgun launchers will need insulatlve materials with high compressive 
strength. Many potential candidates currently contain asbestos, which 
is considered to have unacceptable human health concerns in most 
applications. |t is expected that a substitute can be found and would 
cost less than $1.00 per kg and would have a density in the range of 
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3 to 5 g/cc. For the coaxial accelerators, the synthetic rubber or plastic 
is expected to cost less than $2*20 per kg and have a density of 1.2 
g/cc* Labor factors of 1 (materials cost Includes labor), 1.5, and 2 
are used to estimate the low, expected* and high estimates of tube 
insulator costs. 

6.1. 2,2*3 Radial Force Containment . To hold the launcher 
tube In place against the pressures developed during launching, the tube 
would have to be wrapped for support. Kevlar fiber wrapping Is believed 
to be the best material available having the required strength at a 
reasonable cost. The Kevlar thickness required Is currently estimated 
to be between 5 and 10 cm (6.5 cm for the coaxial hybrid EML/rocket 
launcher). Kevlar Is made from two components, yarn and epoxy resin. 
The yarn is currently being sold in quantity at $26.40 to $44.00 per 
kg depending upon quality control. The epoxy resin Is currently sailing 
at $4.40 per kg. The degree of epoxy impregnation is a design variable, 
and a typical mix is 60 percent fibers/40 percent epoxy. This combination 
has a density of 1.38 g/cc as contrasted to Kevlar, fibers with a density 
of 1.44 g/cc (Kevlar-49 Data Manual, 1976, 1982). The calculated cost 
per kg for a combination using aerospace-grade yarn (at $44/kg) is then 
$29. 20/ kg of composite. Direct costs of labor to fabricate are . given 

by DuPont personnel as being approximately equal to material costs. Since 
the winding will have to be penetrated by. conductors, it is most likely 
that a complex buildup pattern would be selected and a machine would 
be used to. make the winding. For this type of operation, a direct labor 
factor of 2 times the material cost is used with, the low material cost 
estimate from the low force containment estimates. For the expected and 
high cost estimates, labor factors of 2.5 and 3 are used with the high 
materials cost estimates. 

6.1.2.2.4 Vacuum Containment . An exterior container would 
be required to provide a vacuum seal and a mechanical connection for 
the segments. This is assumed to be 1 cm thick on the coaxial launchers 
and one or three cm thick on the railgun launchers. An inexpensive plastic 
coating would provide electrical protection for normal operations. 
Aluminum is assumed to be used, but steel could be used if additional 
strength is desired. Aluminum in simple forms costs $1.68 per kg and 
has a density of 2.7 g/cc. The cost of the insulative coating is contained 
in labor factors of 1.5, 2, and 3, used to form the low, expected and. 
high cost estimates for the segment containers. 

6. 1*2, 3 Electrical Power Storage 

For the coaxial launchers, a single 11quid?nltrogen-coo1ed 
Brooks coil is envisioned to store electrical energy needed during launch. 
For the railgun launchers, many homopolar generators (HPGs) with 
1 iquld-nl trogencooled inductors are selected. The coaxial launchers 
use relatively high voltages and relatively low current to deliver power 
to the projectile while the railguns use high current at relatively low 
voltages to deliver their power to the projectiles. Additional equipment 
Including large transformers would be required to use the Brooks coil 
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with a rail gen; other design changes would be required to use HPGs with 
a coaxial accelerator. Accordingly, potential applications of mixtures 
of these technologies are not considered. Technologically advanced 
concepts such as superconducting storage ring under investigation by 
the University of Wisconsin are not considered because the costs are 
highly uncertain. The costs for the Brooks coils and homopolar generators 
are derived In Table 6-5 using Information provided by P. Mongeau (Brooks 
coil) and R. Marshall (HPSs). The electrical energy storage for all 
designs Is Increased over the kinetic energy requirement of the, projectiles 
to cover energy losses and Impedance mismatches. 

6. 1.2.3, 1 Brooks Colls . A Brooks coll has a "life-saver" 

shape (see Figure 4-13) and uses a single strand of conductor; aluminum 
was selected over copper because its lower density (2.7 vs 8.9 g/cc) 
would result in a lower cost for coils of the same size. Cooling the 
coll with liquid nitrogen would result in a decrease in resistance (by 
factor of about 10) and greatly Increase electrical energy storage 
efficiency. The major design problems for the cooled Brooks coil are 
considered to be stress confinement and insulating the coil loops from 
each other. The stress confinement requirement is assumed to be managed 
by a reinforced concrete structure emplaced at the site and backed by 
the rock of the site. The loop insulation requirement is assumed to 
be satisfied, by insulating blocks which are not fastened to the conductor 
and have a thermal expansion coefficient which is very close to that 
for aluminum, such as Bakelite. Such large amounts of conductor are 
required to make the coils needed for the launchers that the labor to 
build the coil is relatively small in comparison to the cost of the metal. 
For this reason, labor factors of 1.5, 2, and 3 are used to provide the 
low, expected, and high cost estimates. These estimates include the 
confinement structure, internal LN2 plumbing, and insulation, but do 
not Include switching and control costs. For the Earth-orbital launcher, 
the cost of the Brooks coils is estimated to cost from $237.5 M to 
$475.1 M, with an expected cost of $316.7 M. For the hybrid EML, the 
cost estimates range from $93.7 M to $187.3 M, with $124.8 M expected. 
Only one Brooks coil is costed, and this could severely affect system 
availability if the coil were severely damaged. 

. . 6. 1.2. 3, 2 Homopolar Generators (HP6s) . The homopolar generators 

(HPGs) are considered to be the largest source of uncertainty in the 
mechanical design of the railguns. While very capable machines have 
been bu ' H in laboratories* the HP6 experience still represents a 
relatively Immature technology. There is also little experience In their 
manufacture or their use in operational systems, and there is no experience 
to indicate a reasonable number of spares. 

To avoid heat build-up in the launcher facility from conversion 
of electrical into mechanical energy in the HPGs, It is likely that some 
form of conversion external to the launcher area would be required. 
Hydraulic conversion Is selected for the HPGS because the hydraulic fluid 
could carry away excess heat. Reconversion from mechanical to electrical 
energy would also generate heat; provision must be made to provide 
circulating fluids or air to preclude heat build-up. 
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TABU 6-5. ENERGY STORAGE REQUIREMENTS 


Projectile Energy Mass, kg 

Coaxial— Hybrid EML (1/2) 15,400 

—Earth^Orbltal 3,250 

Rail gun— Hybrid EML 15,200 

—Earth-Orbital. 5,900 


Velocity 
(m/sec ) 

x (2000)? 

x (7000)2 

x (2000)2 

x (7000)2 


Energy 

(Joules) 

3.0 x 10 10 

8.0 x 10*0 

3.0 x 10*0 
1.5 x 10 11 


Brooks Coll Size, Mass, Cost (Scaled from Kolm and Mongeau, 1983). 


Mass (Al, MT) * E(Jj x 2230 


Diameter (m) - 3 E(J) x 10 3 

V 2.07 x 10* 


Energy Increased by 15 percent for impedance losses: . 

Coaxial Hybrid EML Coll Energy * 3.0 x 10*0 J x 1.15 * 3.45 x 10*0 
Coaxial Earth-Orbital Coll Energy * 8.0 x 10*0 J x 1.15 * 9.15 x 10*0 


Brooks Coll 

Hybrid EML 
Earth Orbital 


Energy 

3.45 x 10*0 
9.15 x 10*0 


Mass (MTl 

37,166 

98,646 


Diameter (m) 


Aluminum Cost, S1680/MT; Labor Factors: 1.5, 2, 3 


Single Brooks Coil 


Hybrid EML 
Earth-Orbital 


Cost Estimates, $, M, 1981 
Low Expected High 


93.7 

248.5 


124.8 

331.4 


189.3 

497.2 


56 Mega joule Homopolar. Generators; Number and Cost 

Energy Increased by 38 percent for impedance losses In transfer from 
HPG to inductor (85 percent efficiency) and Inductor to rails (85 percent 
efficiency): 

Rail gun— Hybrid EML HPG Energy 3.0 x 10*0 x 1.38 « 4.15x 10*° Joules 
Rail gun— Earth-Orbital HPG Energy * 1.5 x 10** x 1.38 * 2.0 x 10** Joules 


--56 MJ per HPG— 


Number 

Number 


of Hybrid EML HPGs = 4.15 x 10*0/56 x 10* * 7 
of Earth-Orbital HPGs * 2.0 x 10**/56 x 10 6 = 


* 742 
6 = 3573 
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TABLE 6*5. (Continued) 


Adjust for spares: 

Number of Hybrid EML HPGs * 800 
Number of Earth-Orbital HPGs * 3800 

Cost of HPGs: 

For production runs of 10,000, $1,000 to $1,500 per MJ (R, Marshall, 
UT) or $56,000 to $84,000 per HPG with an expected cost of $70,000 
per HPG. 

For production runs of about 1000, multiply by 3. 

For production runs of about 4000, multiply by 2 

Cost Estimates, $. M, 1981 

Homopolar Generators (Number) Low Expected High 
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Hybrid EML (800) 
Earth-Orbital EML (3800) 


94.0 

425.6 


168. 

532. 
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The preliminary estimates of the size of a 56-MJ homooolar 

2!h #I F'r > !L ^ el1eved appropriate for these designs are 1.8 m in diameter 
and 1.5 m long, with a mass of about 10 MT. The size of these devices 
1$ such that they could be placed on one side of the hybrid EML/rocket 
launcher tube, but would have to be arranged In a crescent about the 

7 km/sec Earth-to-orblt launcher tube. 

, Information on existing HPGs and possible production runs on 
tfia fine! ?£ 10 4*2k 0 ideates that HPGs should cost between $56,000 and 
in 4 MT°°thf an ® x Pected cost of $70,000. For a device weighing 

JJnUI’thJ 6 eX 5 e Jl? d cost * 7 -00 P er k 9» about that for an automobile. 
EML/rnHftft runs / or ^arth-orbl tal launcher and the Hybrid 

1at i nc , her excepts will be about 3600 and 800, respectively, 
the effects of learning on production costs are not expected to be as 

JUTthl* hlZiA I SIi 0dUC H <>n rUn , of about 10 » 000 * Accordingly, the costs 
7 % <ntt a h n J d ud? L /tU gu r rocket launc her concept which would require 
742 rVL^i 11 ^ . HPGs (75° for redundancy) are Increased by a factor of 

368S Th ih<t^L f °iliDr the 4iS h “J rb1tal 1aunch ® r concept, which would require 
3585 Installed HPGs (3600 for redundancy), are increased by a factor 

a PP r °P r1 ata Jevel of spare HPGs cannot be forecast at 
J b ® le ^ e J ? f about 5 P er cent is used. Thus 800 HPGs 

Tnl *5ni J ybnd J ML/rocket lyncher , concept would cost between $94.0 M 
w . 1th an expected cost of $168.0 M. The 3800 HPGs for the 

.r e !!wc1e?«,l* U , n f $832.0 1 M C0St b>tmen $425 - 6 M and $638 - 4 M - w1th 
6. 1.2.4 Switching and EML Inductors 

Reusable switches capable of handling the power and switchina 
rates contemplated for both coaxial and rail sun launchers represent ! 

?5n2 +ht^ a n °ti teChf l°\ l09ical uncertainty. The costs for the ? switches 
tand their development) accordingly are very uncertain. 

. ^ *u t0 uh?, e lnd uctors would be. required for the rail gun systems, 
into' * W ° Uld abl ®' to convert their mechanical ^energy 

IJ*L i r 9y quicicly enough to feed the launcher efficiently; 

il t ' L launchers use a Brooks coil to store electrical energy, 

secon <iary storage Inductors may not be needed along 
J b ® ^ dncb er; however, the self- Inductance of the long conductors needed 
1° i he dufre 5 b from the Brooks coil to the launcher tube coils 

A2L^nni h i/° rt .iA !?" t l ,n V ? f th ! se co11s d0 not permit this assumption. 
Ja£°k 2J! S secondary Inductors In equal numbers and ratings, are costed 
for both coaxial and rail gun launches. 

Mihail /XL th A rail ?un launchers, preliminary calculations by R. 
Marshall (Rice, et al, 1982) indicate the secondary Inductors must store 

!EEr?J 1mate1 £ if MJ of energy at a current of 4 MA to achieve the assumed 
efficiency of 85 percent. To prevent resistive energy losses, the inductor 
"5 st a1 J°, have i re si stance of less than 2.7 x 10-u ohms. For Inductors 
of coaxial or toroidal configurations, mass Is sensitive to the number 
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of turns and the conductivity of the material. Since normal conducting 
metals drop in resistance by approximately a factor of id when their 
temperature drops from room. temperature to that of liquid nitrogen _(ub), 
it is presently considered desirable to use LNo-cooled inductors. This 

results In a calculated significant reduction in inductor mass. Marshall's 
preliminary Calculations indicate that a four-turn inductor of this size 
would have a diameter of l.S m and a length of 1.8 m. The inductor can 
also reasonably be expected to contain the LNg used to cool it. Foamed 
insulation currently has problems with cracking and separation upon 
repeated cryogenic cycles; research Is being conducted in this area for 
application to reusable space vehicles. Thus, it Is reasonable to expect 
that foamed insulation would be appropriate at the time of Implementation. 
Contained foam (preformed) insulation would always be available as a 
back-up technology. Accordingly, the inductors are costed with a labor 
factor of 10 times the raw material price to, reflect the uncertainty 
sw * tch * n 9 technology. The current price for aluminum ingots is 
$1. 68/kg (AMM, 1984). The requirement for low conductivity translates 
Into a requirement for controlled purity and thus may bring the price 
up to $2.0Q/kg. Thus, the materials cost for an inductor of 1 to 1.5 
tons is $2000 to $3000. Other materials and labor, at a factor of 10 

times the primary materials price, raise the cost per inductor to $20,000 
to $30,000 for each unit. The low, expected, and high estimates for 
the Inductor subsystem are then formed by unit prices of $20,000, $25,000, 
and $30,000, and the same level of spares, as for the HPGs. 

Sw1 J t A h1ng for the coaxial accelerators is expected to have 
a slightly different set of requirements in that individual loops or 
groups of loops in the launcher coil must be controlled. to produce several 
current pulses In very rapid succession. Because a detailed design is 
not available,, a cost analysis Is not possible at this time. It Is 
expected that the costs of distributing and switching coaxial launcher 
tube coils would be about the same as for the railgun accelerators. The 
cost estimates, accordingly, are the same as for the railgun accelerators. 

For the hybrid railgun EML, 800 inductors/switches (including 
spares) would be required with unit prices in the range of $20,000 to 
$30,000; this leads to an estimate of $16.0 M to $24.0 M, with an expected 
value of $20.0 M. For the Earth-orbital railgun, 3800 Inductors/switches 
would be required; these are estimated to cost in the range of 76.0 M 
to $114.0 M with an expected cost of $95.0 M. These costs are also used 
for the equivalent coaxial accelerators. 

6JL.2.S Projectile Injection Systems 

A preboost system Is believed to be desirable for optimum 
launcher operation and would be required for plasma-armature railguns 
to reduce rail erosion at low velocities. A design for the preboost 
systems has not been developed, only preliminary concepts are suggested. 
These all use gas to overcome the standing inertia of the projectile. 
In all cases, marginal operating costs are expected to be low ($50-$200 
per launch). Except for the Earth-orbital EML, the capital costs are 
also relatively small. 
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6 jl_.2.6 Power Conver s ion Plant (Railoun Launchers) 
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rail gun HPGs are envisioned to use the launcher facility, 
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of electrical power suggests that It would be better to accept the 
conversion Inefficiencies of reconverting the electrical power back Into 
mechanical power at a station near the launcher. Such conversion would 
also permit an ambient* temperature hydraulic fluid to carry away the 
heat from driving the HPG rotor. This form of thermal control Is 

considered necessary for the Earth-orbital railgun and desirable for 
the hybrid rail gun/rocket system, even though the presence of the hydraulic 
fluid (assumed to be water-based) may Increase the risk of an electrical 
accident. . 

Since electric to high-pressure hydraulic conversions of this 
size do not appear to have been undertaken previously, no good analogy 
is available to draw upon. The conversion power cost was established 
as costing one-fourth that of the power plant on a per kilowatt of capacity 
or $550 to $700 per kWh, with expected. Conversion capacity of 

15,000 kWh would be required for the hybrid EML, with costs in the range 
of $8.3 M to $10.5 M ($9.4 M expected). For the Earth-orbital launcher 
with a launch velocity of 7 km/s, 50,000 kWh of capacity would be required 
with a cost range of $27.5 M to $35.0 M and an expected cost of $31.3 M. 
The conversion power level selected would permit recharging the homopolar 
generators In one hour, rather than the. one and one-half hours . expected 
between launches. 


6. 1.2.7 Water Distilling Plant 


The launch site cannot be assumed to have sufficient fresh 
water either to support the launcher operations (power plant, hydraulic 
conversion, LN2 plant cooling, etc.) or the operating personnel and their 
families. While much of the water used in launcher operations would 
be recycled, the same cannot be said for water for human consumption 
and household use. Accordingly, a water distilling plant may be needed. 
The plant is sized at 1,000,000 liters per day, representing 400 liters 
per person per day for 2500 people. This is expected to have reserve 
capacity for the crew as well as families and transients. The distillation 
plant would use the heat rejected from the nuclear plants in their bottom 
cycle and would -therefore represent a predominantly capital cost. This 
type of facility is expected to cost about $2.5 per liter-day of capacity, 
or $2.5 M. Because of the effective integration of this system into 
the power plant, the uncertainty in cost is very high— it may cost much 
less or somewhat more depending upon the specific designs selected. Solar 
evaporation and condensation is also available in this price range, but 
would have higher operating costs. Solar evaporation .would be used if 
the site does not require a nuclear plant. 

6.1. 2. 8 Gas Handling Facilities 

Three types of gas handling facilities are expected: (1) a 

liquid nitrogen plant and storage area; (2) an evacuation system for 
the launcher tubes; and (3) hydrogen and oxygen .storage for the preboost 
system needed for the Earth-orbital railgun. These are discussed in 
the following three sections. 
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6,1. 2*8*1 Liquid Nitrogen Plant and Storage . To provide 
acceptable inductor masses, the resistance of their conductive material 
must be dropped by approximately an order of magnitude from that available 
at room temperatures. Liquid nitrogen cooling of the inductors was 
selected over superconduction because the state of superconducting 
technology does not permit reasonable cost estimates in the foreseeable 
future. The major uncertain! ties in selecting LN? cooling are the 
requirements of LN 2 due to insulatlve losses in the Inductors and their 
plumbing and to the efficiency of transmitting electrical power through 
the inductors to the launcher. These would involve both thermal and 
electrical losses, placing a heat-sink requirement on the LNj> and requiring 
Insulated plumbing/ductworks. The major uncertainty, however, is believed 
to be the insulation requirements and the costs needed to meet them. 
Based on the heat of vaporization for LNg, 47.6 kcal/kg (0.05534 kWh/kg), 
and an assumed 15 percent of input energy as a combined thermal, and. 
electrical Inefficiency causing LNg boil-off, the requirements for LN? 
are calculated for the maximum launch rate of 16 launches per day. from 
information provided by J. Cost, Air Products Company, a plant providing 
325 MT of LN 2 per day would cost $4 M and would scale upward by a 0.6 
power law on cost. Mr. Cost believes the 0.6 power law is slightly 
optimistic, so a 0.7 power law is used to calculate the expected costs. 
The. costs of multiple units of 325 MT per day of LN 2 capacity are used 
to calculate the high cost estimate. A. summary of the calculations is 
presented in Table 6-6, where the dissipated energy is 15 percent of 
115 percent of the l/2mv 2 energy, or 17.5 percent of the required 
projectile energy for each launcher. The cost of the LN 2 plant is small 
in relation to other costs, as shown. in Table 6-6. . 

6. 1.2.8. 2 Evacuation System for Launcher Tube . The evacuation 
of the small -diameter launcher tubes to approximately 1/100 (7.6 mm Hg) 
atmosphere would require the removal of less than 1300 kg of air. for 
the larger tubes, removal of up to 3000 kg would be required. This could 
be accomplished with rotating impeller pumps, able to achieve high volume 
throughput. The removal of 99 percent of the air would leave 13 to 30 kg 
of air in the bore. At least three pumps are estimated to be required. 
Each pump would be able to handle the evacuation unassisted. The 
installation is estimated at $1 to $1.5 M for ductwork, shelters, pumps., 
and motors. 

6.1. 2.8.3 Mater Electrolysis Plant . To provide hydrogen and 
oxygen for the Earth-orbital rail gun's preboost system, a water 
electrolysis plant would be needed. Since hydrogen has much Tower 
viscosity than air, it has been used in large electrical generators to . 
reduce the atmospheric friction between rotors and stators. This hydrogen 
has usually been produced by electrolysis of water with the electricity 
produced by the generators. Accordingly, the cost of the electrolysis 
plant is contained within the estimate for the power plant. The facilities 
to liquify the gases are provided within the estimate for the liquid 
nitrogen plant. In addition to these elements, there would also be 
additional costs for storage and handling facilities. These are estimated 
at $0.2 M, $0.3 M, and $0.4 M for the low, expected, and high costs of 
these facilities* 
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TABLE 6-6. LIQUID NITROGEN REQUIREMENTS 



Petermininq Assumption: Energy losses resulting in LN? boll off are 
1775 percent of projectile energy. . 


Launcher 

Projectile Energy* 
Joules 

LN 2 Energy 
16 Shots/Oay @ 
17.5 Percent, Joules 

Coaxial— Hybrid EML 
—Earth Orbital 
Rai l gun— Hybrid EML 
—Earth Orbital 

3.0 x ioio 

8.0 x 1010 . 

3.0 x. 1010 
1.5 x lOH 

8.4 x 1010 

2.2 x lOH 
8.4 x 1010 

4.2 x lOH 

LN 2 heat of vaporization 

“47.6 kcal/kg » 199,254 Joules/kg 


Plant Caoacitv 


Launcher 

LN 2 Plant Output/Day, MT 


Hybrid EML 421.5 
Coaxial— Earth Orbital 1104.1 
Rail gun— Earth Orbital 2107! 9 


Plant Cost Scaling: C ($, M, 1981) * ($4 M) * 

x - 0.6, 0.7, 1.0 

Multiply by 1.5 for storage, plumbing, etc. 


Launcher 

Plant Cost, $. M. 1981 


Low 

Expected 

High 

Hybrid EML 

7.0 

7.2 

7.8 

Coaxial— EO 

12.6 

14.3 

20.8 

Rail gun— EO 

18.5 

22.2 

39.0 
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6.1. 2*9 H andling Devices /Systran 

Ka - -.J Handling devices, principally cranes and small railcars would 
be needed to manipulate the projectiles and tube segments, as well as 
seijerators and/or Inductors. The handling devices are m?s1on*d 
. t : av ? 1 a L ong s i* s P en <ted beams attached to the floor, roof, or walls 
a^ th he4v Un frpinht be 1 hous + in9, L1ght e, ®i«t6rs can cost as low as $500/m 
M d MinpV/ rt^i gh ei can <*** $1250/m (personal conversation, 

Lld 1n b2 t ; i ,i 0 ^ 1 . n r atOr Co *’ March * 1982 )- ^ is expected that there 

bi of i * 0r cranes P e >" set of tracks and that they would 

h heav., duty construction. Accordingly, unit costs for thp 

handling systems are believed to fall in the range from $1000/m to isonn/m 

£ th a j m exp , eC n ted ^ of $3000/m * ** a launcher^ ™h ^ nominal lenStS 

cost?°for tut 1 !° 9th of 100 t0 200 ”• the estimated 

to cost In ranae h of d l2^ | M^tn and ass °t 1ated equipment are estimated 
o cost m range or 52.2 M.to $11 M with an. expected value of $6.6 M. 

6.1.2.10 Control Cen ter. Controls and Monitoring Systpm. 

, A P rel Imlnary system design, as well as specification of the 

costrLrhp 1 ^" 45 * ^ 5 ^"® 6 ^ before accurate estimates of the control 
i2ipi.in a ic be ^ madl J* J l 1s assumed that inductors and colls or homopolar 
f®" arato ^. and eductors could be monitored and their switches controlled 
from a master control center for a relatively low ro<f nA » .,„■*+ a 

Untatlve estimate of $1000 to $10,000 per HPG/Inductor set is used' foJ 

Hi 2JJJI5 a ? d $soo ° Is used" as the expected value. Became 

the switching and control systems are not well described for the coaxial 
launchers, the equivalent costs are assumed for the coaxial ‘mLs as foJ 
the rail guns. An additional J5.0 M Is added for the central control 
52 a*"* ond other unidentified costs. For the hybrid EML/rocket launcher 
RnS Ce Hpr S /‘ J he c °sts are estimated to range from $6.0 M to $15 M for the 
800 HPG/inductor sets (or equivalent inductors/switches for the coaxial 
launcher), with an expected value of $10 M. For the Earth-orbital EML 

wD?i® P i S i he Costs ran 9® from . * 8 ‘° M t0 *39 M ($21 M expected) for 3800 
/inductor sets or their equivalents for. the coaxial launcher. 

6.1.2.11 Tracking System 

- , . ^ tracking system would be required to monitor thp traiprtn^i/ 

htfti! aun ? hed pr ? jsctiles. Since these launchers are not -intended to handle 
of^th!f f + ia2ar<i0l li S payloads, the necessity to have accurate knowledge 
0 '* ! * e ** r 8jactory under abnormal conditions can be relaxed For this 

reason, adoption of a military tactical radar station Is selected Jo 
cover the near-launch-site trajectory, with long-range monitorlna and 
control in space conducted elsewhere. Accordingly, low, expected 9 and 
high values for the radar station are established as $5 M, P $10 M*, and 
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6.1.2.12 Acciden t Recovery Systoac 

by the 1 aunehers/^no^fora^ r^n an * 1ci P a J ed to be transported 

none Is costed. It1s S D U e d ?h^ I?^ er £ sys ! em I s Panned, and 

be recovered easily would be^but thi$ m \f£!iT^ pr0 ^ eCt11es wh1ch could 
operations activity! 1 th ' s wou ^ d be a very minor part of 

— P*- Operation s Cost Esti»ati>< 

the recurring costs Jith^Sc^ortl^ti^ y hd U e \.J w0 com Ponent$: 

for personnel and supplies; projecfiu P r r n ° c j l Ct1 L e * and the a ""ual costs 
6-7; personnel end supply cVsts^^rUe'fin tSi.^”' U TaMe 

are esua I ly hi conslderec| r<, to 'be' part , t u,lc . h SJ, stem, payloads 

are not costed here. The cost of th«Knii? th i m 1 j s1on or activity and 
supply missions would be very* low th ?n b anv ^ P a ^ loads c onsiclered for the 

development are addressed in the cost The rt costs for the1r 

Program. xne cost estimates for -an Operational Test 

use as a launch site^nly.** 1 While provisions d V° n °!i th f fac11 ity for 
consumables to load the bulk oavioL^^f 10 " 5 eV*. made for people and 

Only tasks such as loading P o? llouid^oreSn* J* a !. 1mple P roced ure. 
initiation of guidance svst^^J\Il d ^- p ?P ella " ts and other fluids, 

be undertaken at the facility’ Use of thl C fVrn if | tatus would norma ny 
programs would involve additional costs. * h f 1 ty for research or other 


6. 2.1 Project i Inl and Mission Peculiar Equipment 


ia^;4rsi«a 


are highly uncertain, 
and demonstrate the 
quantities required 
to assure that major 
automobiles) can be 
depends upon keeping 


be derivatives**!)? 1 existing 0 ^ the . Projectiles would 

technology risks. Those stages must ier vely low 

higher than achieved to date The* ? e Produced at rates much 

the costs for the four projectiles J®'* 0 *' sect * on * discuss 

Costs are summarized in Table 6-7. their mission peculiar equipment. 

6.. 2.1.1 Hybrid &L/R octet “-nfr ctlle (Coaxial and ftaiigun) 

analyses. ~~Most payloads* °a re expected to St |l are . not C0rtsi ‘dered in our 
not be affected by the tccel.ratloW t£ eVect^^c’^otter. Sh ° U ' d 
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6. 2. 1.1. 2 Wgse Cone or Payload Shroud . For the hybrid EML 
concepts* the nose cone or payload shroud would be an adaption of existing 
designs. This shroud is Intended for a 2-3 km/sec aerodynamic regime 
which is similar to those currently experienced by expendable launch 
vehicles. Production rates of the adapted design are expected to reduce 
the costs significantly to yield a range of $500 to $3000, with an expected 
value of $1000. 

6.2. 1.1.3 Structure . The primary structure for the hybrid 
EML projectile would consist of the solid rocket motor cases and their 
Interstages or connectors. The provision of the inductive rings on or 
near the surface of the coaxial projectile Is expected to have only a 
small effect on the design costs for the coaxial projectile, and result 
In no appreciable increase in the manufacturing cost over a case without 
provision for rings. The cost of the rings is expected to be approximately 
equal to the cost of the sabot needed for the railgun projectile and 
Is discussed in Section 6.2. 1.1.6. The railgun projectile would require 
a stronger case, especially In the rear part of the projectile where 
provision must be made far thrust transfer from the sabot. However,, 
because both cases must be designed to withstand 100-g accelerations, 
the cost differential between the railgun coaxial projectiles due to 
structure strengthening Is expected to be about 15 percent. Production 
rate effects associated with the high volume of projectiles are expected 
to keep the costs of the structures low In relation to other costs. 
Because the projectile case is an Integral part of the solid rocket motors, 
specific cost estimates are made in the propulsion section (6. 2. 1.1. 8). 

6.2.1. 1.4 Thermal Protection System (Side Body) . For the 
hybrid EML concepts, the projectiles would not require thermal protection. 

6.2.1. 1.5 Fins . These projectiles would require stabilization 
(not steering) fins. Their operating regime would not be severe and 
their cost is expected to be in the range of $100 to $500 with $300 being 
the expected cost. 

6,2,1* 1.6 Sabot or Rings . Because of relatively low launch 
stresses, the sabots for the railgun hybrid EML projectile would not 
require exotic materials, but rather an Inexpensive non-conductor to 
protect the projectile together with a conductive plate, probably made 
with copper or aluminum alloy. The sabot cost should be little more 
than the price of simple constructs from a manufacturer in the range 
from $1.30 to $2.00 per kg ; labor factors of 1.1 to 1.3 are appropriate. 
The colls or rings used on the coaxial accelerator projectile are expected 
to be made of a copper alloy and have no unusual, requirements. For both 
the coaxial and railgun launchers, cost estimates are In the range of 
$1000 to $1700, with the expected value of $1400 based on a mass of 650 kg 
for the coaxial projectile rings. 

6.2. 1.1.7 _ Auxiliary Handling Equipment and Supplies . The 
projectile's auxiliary propulsion system, and guidance, navigation and 
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control system would require final checkout and preparations at the launch 
site. This checkout procedure Is expected to require a few man days. 
Low, expected, and high cost estimates are $1000, $2000 and $6000 for 
time and materials. 


6. 2. 1.1.8 Instrument Package . The Instrument packages for 
all projectiles would be designed for high production and low unit costs. 
It is assumed that assemblies with moving parts (gyros, etc.) would be 
avoided or designed to be cost effective, and complex functions would 
be handled by software rather than hardware. To keep costs down, 
multi-year procurements of components/assemblies would be used, even 
If final assembly is regulated by demand. Based on these conditions 
and annual demand for thousands of instrument packages, it is likely 
that the cost of the Instrument package (20 kg for hybrid EML projectiles) 
would lie in the range of $1000 to $3000. The expected value is selected 
as the mid-range or $2000. 

6.2. 1.1.9 Propulsion System . The projectiles for the hybrid 
EML concepts would consist of three stages with total masses (Including 
payload) of 15,400 kg for the coaxial projectile and 15,200 kg for the 
rallgun projectile. In contrast, the current Scout expendable launch 
vehicles has a mass of about 21,500 kg (excluding payload) and the three 
Scout upper stages have a total mass of . 6687 kg, or about 44 percent 
of the proposed projectiles. 

For the latest production run of 15 Scout vehicles, production 
costs were about $4 M per vehicle and the total launch cost is in the 
range of $8 M to $10 M at a launch rate of about three per year (EDD, 
1976). In the late 1960s, Scout Launch vehicles were being manufactured 
for $1 M each, with launch services on a basis equivalent to current 
charges being about another $1 M. At that time, the launch rate was 
about 10 per year. Thus, in addition to inflation, the launch rate 
decrease has resulted in a significant cost increase because overhead 
cos.ts cannot be spread across many launches. 

The projectiles must be mass-produced at much lower costs. 
Because the stages would essentially be cannisters filled with relatively 
simple and inexpensive chemicals, it is expected that they could be 
produced in quantity at about the same cost per kilogram as an automobile 
or $6.00 per kilogram. Material costs for propellants (or $3.00. per 
kg), however, are expected to keep the cost from going much below this 
level. The structure of the projectile is expected to be formed from 
fiber matrix composites (e.g., Kevlar) which currently costs about $40 
per kg, but contribute only 5 to 10 percent of the projectile's mass. 
It is also reasonable to expect the cost of these materials to drop in 
the future. Accordingly, the cost per kilogram f '* the propulsion system 
(which includes the structure) is estimated to be in the range from $6 
to $12 with $9 expected. This leads to estimates of the coaxial projectile 
from $78,000 to $156,000, with an expected value of $117,000 for propellant 
and structural casing mass of about 13,000 kg. This estimate Includes 
a small auxiliary or attitude control propulsion system. For the rallgun 
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projectile, the estimates are increased by 15 percent to consider the 
stronger motor cases and other structural components. This yields an 
estimated range of $90,000 to $180,000 and an expected estimate of 
$135,000. 


6.2.1.1.10 Transportation . Transportation charges for all 
projectiles are established at $500, reflecting surface transportation 
In economical lots. This Is consistant with the projectile's major use 
as a method of bulk transport. 

6.2. 1.2 Earth Orbital Projectile (Coaxial Launcher) 

6.2.1. 2.1 Payload . Payload costs are not considered in our 
analyses. Most payloads are expected to be relatively Inexpensive bulk 
materials which would not be affected by the high accelerations of the 
launcher. 


6.2. 1.2.2 Nose Cone . The nose cones for the Earth-orbital 
launchers would undergo a much more severe thermal environment than that 
for the hybrid EML projectile, and an ablative nose cone was assumed. 
Considerable technical verification Is needed to develop experience and 
confidence In metallic ablators, but inexpensive metals such as steel 
probably can be used and their costs can be quite low. Thus, materials 
cost per kg can range from less than $1.00 for modestly priced alloy 
steels to $10 for some specialty stainless steels. Labor factors for 

high production rates are expected to be in the range from 2 to 5. Thus 
for a nose, cone mass of 110 kg, the costs can range from $220 to $5500. 
Accordingly, a low estimate of $220 reflects use of modestly priced steel 
and a labor factor of 2, an expected estimate of $1000 reflects use of 
higher priced steel and a labor factor of 5, while the high estimate 
of $5500 assumes use of expensive steel ($10 per kg) and a labor factor 
of 5. 


6.2. 1.2.3 Structure . An inexpensive steel structure with 

a mass of 300 kg would be needed to provide strength. The materials 

cost for this, steel would be in the range of $0. 55/kg to $1. 00/kg. Low 
labor factors (in the range of 2 to 5) would yield estimates in the range 
from $165 to $1500. The low end of this range is not considered feasible, 
so the estimates are increased to $1000 to $3000 with $2000 being the 
expected value. 

6.2. 1.2.4 Thermal Protection System (Si debody) . A thermal 

protection system would be required and is envisioned to be made of 

carbon-carbon (C-C) material (or other advanced composites) and have 
a mass of 200 kg. At the present time C-C materials are expensive to 
fabricate because they are labor intensive in all manufacturing stages 
and in quality control. Given historical progress in materials 

development, it is expected that C-C materials can be produced in the 
time frame of the launchers' at an installed price equivalent to that 
of tungsten metal or $33 per kg. A likely range in this estimate is 

from $15 to $70 per kg. Thus for 200 kg of si debody structure and thermal 
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protection* the costs would range from $3000 to $14,000 with an expected 
value of $6,600. 

6.2.1. 2.5 Fins. The use of fins for aerodynamic stability 
would be required, and their mass Is estimated at 20 kg. At this low 
mass, exotic materials such as carbon-carbon composites or tungsten do 
not produce high costs and are associated with materials costs In the 
$30 to $40 per kg range and with labor factors of 2 to 5. The expected 

I ab 2!!Jl actor * s y* eld s cos * estimates in the range from $1300 

to $3300 per projectile, with an expected estimate of $2000. 


6»2. 1.2.6 Colls. The Inductive colls for the projectile would 
have a mass of 300 kg and would be made from copper alloy. Materials 
costs are less than $2.00 per kg and labor factors of 2, 3, and 4 y1e^d« 
estimates In the range of $1200 to $2400 with $1800 the expected value. 


. , 6.2. 1,2.7. Check out Equipment and Supplies . The launcher site 
checkout is expected to require a few man days, and is estimated to cost 
from $1000 to $5000, with an . expected cost of $2000 (see 
Section 6.2.1. 1.7) . 


I 


,, . 6. 2.1 .2.8, Instru ment Package . The Instrument packages for 

projectiles are expected to cost about the same. Through design 
for high production rates, this cost Is expected to be In the range from 
$1000 to $3000, with an expected cost of $2000 for a 20-kg package. 

. 6.2.1.2.9 Propulsion System . from the definition of the 

projectile, the dry mass of the propulsion system would be 425 kg, and 
the mass of the propellants would be to achieve a 500-km circular orbit 
would be 1150 kg.. The available cost Information on propellants exhibits 
wide range— from $0. 18/kg for chlorine to $30/kg for propellant-grade 
hydrazines, for the currently expensive propellants, new production 
facilities would be required. With economical production facilities, 
the propellant costs are expected to be about $6/kg; for the 1150 kg 
propellants In this projectile, the propellants would cost $6900. 

Because, the projectile for the coaxial accelerator would have 
a light support structure/thermal protection system It Is expected to 
require tanks to contain the fuel (N2H4) and oxidizer (Clfg). It is 
conceptually possible that the support structure could serve as tankage, 
but safety considerations will probably not permit such a single-point 
failure mode. The tankage requirements, however, are not expected to 

be a major cost problem on the basis that tanks will be produced at rates 
well Into the thousands per year. 

To achieve a reasonably attractive cost for propulsion units. 
It is necessary to hypothesize advances in several production technologies 
ve.g., computerized machining, welding, and testing). In addition to 
high production rates. At the present time, the major cost problems 
are believed to be in the area .of engine mechanical control rather than 
In the engine or tankage. It Is In these areas that improvements In 
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production and testing technologies are believed to have the biggest 
payoff in reduced costs. High production rates for a 425-kg (dry weight) 
propulsion system and 75-kg ACS/astrlonics package are believed to be 
able to reduce unit costs to the level of an automobile, or about $10,000, 
but this Is considered optimistic, especially for the early part of the 
program. The low cost Is therefore established at $25,000 with an expected 
cost of $100,000, and a high cost estimate of $200,000, all of which 
Include the cost of propellants. The estimate of $100,000 is about 
one- tenth that of a comparably sized low-g unit produced today at a 
production rate of 5 to 10 units per year. 

6.2.1.2.10 Transportation . Transportation charges for all 
project loes are established at 5500. See Section 6.2.1.1.10 for additional 
information. 

6.2.1. 3 Earth-Orbital Projectile (Rail gun Launcher) 


6.2. 1.3.1 Payload . Payload costs are not considered in this 
analysis. Most payloads are expected to be bulk materials with relatively 
low unit costs, and resistant to damage from launch forces. 

6.2. 1.3.2 Nose Cone . The nose cone for the Earth-orbital 
launcher is expected to undergo a more severe thermal environment than 
that of the hybrid EML. An ablative nose cone Is considered to be 
required. The discussion of Section 6.2. 1.2.2 indicates that the cost 
of materials can have a. wide range. 

Inexpensive or moderately-priced steel Is expected to be 
appropriate for this application. The least expensive steel costs, about 
$0. 55/kg and some heat resistant alloys cost about $1. 00/kg. 
Moderately- priced stainless steels cost about $3. 00/kg. Some very high 
temperature steel alloys can cost in the range of $10/kg. Appropriate 
labor factors for high production rates are in the range from 2 to 5. 
Thus, for a nose cone mass of 420 kg, the cost per projectile can 
potentially range from. $420 to $42,000.. The expected cost estimate is 
$1260 reflecting steel at $1. 00/kg and a labor factor of 3. The range 
selected for this assessment is $840 to $2100 reflecting low and 
moderately-priced steels and. labor factors of 2 and 5. 

6.2, 1 * 3, 3 Structure . The structure of the rail gun projectile 
would be required to sustain substantial launch stresses and must be 
thermally protected against atmospheric heating. The support structure 
Is envisioned to be made of Inexpensive steel with a mass of 2730 kg, 
and the thermal protection system (Section 6.2. 1.3. 4) would be made of 
relatively expensive composites with a mass of 100 kg. The structural 
steel would have a cost of $0.56 to $1.00 per kg, and labor factors are 
expected to be In the range of 2.0 to 4.0. Accordingly, the estimated 
cost for the steel structure is from $3000 to $11,000 with an expected 
cost at the midrange of $7000. 

6,2,1. 3.4 Thermal Protection System . The TPS material would 
be made Of an advanced composite which is expected to have an Installed 
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eostjn the future about that of tungsten metal or $33/kg. The range 
?! tMs t Cos.t Is expected to be plus or minus a factor of two or about 
J15 to $70. Accordingly, the TPS for the rallgun projectile Is estimated 
to have a cost range of $1500 to $7000 with an expected cost of $3300. 

. 6«,2.l.3-5 Pins. Use of small fins for aerodynamic stability 

would be required, and their mass Is estimated at 20 kg. As In the case 
of the coaxial £arth-orbital projectile* the cost range Is $1300 to $3300 
per projectile, with an expected estimate of $2000. 

6*2.1. 3,6 Satwts. Both a forward and aft sabot would be needed 
to support the projectile correctly In the tube during acceleration. The 
aft sabot would also serve to conduct the rallgun current across the 
back of the projectile. The sabot masses are estimated at 200 kg for 
the forward sabot and 100 kg for the aft sabot. The aft sabot Is expected 
to be made of an Inexpensive non-conductor to protect the projectile 

and a conductive plate to provide a current path. The forward sabot 
would be made of a non-conductlve material, possibly a plastic. Under 

the assumption that the strength associated with exotic materials Is 
not required for the rallgun accelerations, It Is likely that the copper 
alloy will cost approximately $1.78 per kg while the plastic will cost 
$2.00 per kg. The labor factors for the sabots should be low (1.5 to 

,?/* *^L cost ran9e is est1roat ed at $900 to $1200 with an expected 
value of $1000. 

. . . Checkout, Eq uipment and Supplies . The launch-site 

checkout is expected to require only a few man days. As for all other 

projectiles, this is estimated to cost from $1000 to $5000 with an expected 
cost of $2000. 

,, . Inst rument Package . The Instrument packages for 

all projecti les are expected to cost about the same.. Through design 

A«°£ UCt1 , on rates > this cost 1s expected to be In the range from 
$1000 to. $3000, with an expected value of $2000. s 

jMSBvteim ..System. The propulsion system and 
ACS/astrlonTcs for the rallgun projectile Is very similar In mass to 
that of the coaxial projectile, and the same costs are used. These are 

® nd h1gh costs of $25 ’ 000 and $?00,000, with an expected cost of 
$ 100 % OOOt — — 


. ... 6. 2. 1. 3. 10 Transportation . Transportation charges for all 
projectiles are established at $500.“ See Section 6.2. 1.1.9 for additional 
information. 


6.2.2 


srations 


. . * Operating personnel and operations support would be located 
both in the continental U.S., as well as at a remote mountainous site. 
Since most missions have been Identified as going Into.either a 28.5-degree 
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if'fJSJ ?; de 9 ree orbit, the mountainous site would not 

be located In the continental U.S.. For multiple dally launches to a 

A t n 9le f pac f s * ab 1°n, tbe launch site would be located within a few dearees 
of the equator and would launch to an equatorial space station. 9 


nrtwn. 111 . addition to the technicians required for the launcher and 
projectile support, an ongoing engineering effort would be necessarv 

dSri m nq n the i rr TlVtiST^Thi 6 . 1a u un . che r s an 4 d operational effectiveness 
precise! v at T ^s level of engineering effort cannot be forecast 

precisely st this tltne# It Is expected* however, that m^c t Af fu. j*. • ^ 

assembly, and repair/rebuilding efforts Mould be accomplished bv the 
“Pl ra ‘I°" s staff envisioned in the cost estimates . Italffiurtw effort? 

a^e \eTv heavv C «uw e „ d f - ?!“<““ of «• "fMc.1V in ^ trlnsporUng 
, „;„ki ,. Very , vy it is expected that much of the final 

re S air L. and r ®^u11d effort would be conducted on site 
Accordingly, for the personnel estimates. It Is expected that about half 

aL l ” a, ) a9 ® lrs a " d engineers would be located In the continental US 

^issasvS^- 

setti n g nJ tnitt,° rt con™tions CO for St gu1danc, , °hardware r0|> arid 4ri mak1ri'o 1 affinal 
test of satisfactory payload conditions SinTlTKwSLd center na ' 


n K CQ I h ® Personnel requirements are estimated to range from about 

n!-ni? 8 ? 5 pa ° p1e * wi * h expected estimates In the range of 500 to 540 

* Thf Pe rncV n9 °, n tbe specif1c s * stem being considered (see Table 
o 8), The cost estimates ere dependent upon the assumntion that t ha 

equipment is inherently reliable. The cost estimates Tito provide for 

with 1 little S d1 snmH rtn £® buildin 9 of equipment can proceed on ? a schedule 

that repairs - For example, it is assumed 

tnat tue brushes on the homopolar generators would have a normal wear 

Ii! e i uf : 1c ^ £ r °r thousands of launches, which would pemit « le«t 
two years between brush replacement. The annual purchase of sunnlies 

nlJLTT , the l >un ? hel ' y «"ity id estimated to be about twice that 

to iustifv fT 5 Unt - TI lere * s ^sufficient information 

to justify a specific level for supplies for the installation* tk aefl 

EML/roe ^h 0 * 6 ** ?$? bei ” 9 d reaSonable assumption. For the’ hybrid 

L the p0 ?® r plant cost s represent a small, non-nuclear 

p<^£‘ ^r^availabie thoci be prefer l red available. If commercial 
availab J®> * h ®se supply costs would be considerably reduced 

STrSIr MMutSSt Iktem! the PerS ° , "' el WOU,d needM » •*•**> 


in Table 

b ® d0 ®t of the staffing. This Includes an allowance for launch-site 
personnel overhead, e.g., transportation for vacation purposes, and Is 

the^ 1 i1 C «y.if 0St dr est ^ ma * te ' No ® st ^ mate Support for programs which use 
J, aubch ®r for scientific or technical purposes 1 S P included in the 
estimates of annual expenses which range from $16 0 M to $64 d m with 
expected estimates in the range from $32.0 M to $36.5 M. th 
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6.3 Development Test Program 

. ... J) eta1 u ls of a development test program are difficult to project 
at this time because of uncertainty In the technology. At this time, 
the development tests are envisioned as having two major aspects. The 
first aspect would be a test of one or two launcher tube segments to 

perf ?™" ce of _ lau " cher segments and other subsystems. An 
inert test projectile would be accelerated at full thrust to dive 

site wr^underUken^ 5190 bef0re any major construc tion at the launch 

.. * JJ® second aspect of the development test would be part of 

™® ^.construction to operation. At this time, it is 
expected that most of the Investment In the launcher would be complete. 
The development test would concentrate on assuring that the controls 

S, C0 ^ ct J» and *1“ the ! en "j nal velocities can.be achieved 
ell ably* In addition, there would be a need to verify adequacy of 

projectile designs. While some of this verification can be done by 

subscale electromagnetic launchers, there would still be a need to verify 

fullsMle designs, if the fullscale tests are successful, the development 

test would be expected to last about one year. If they would be 

unsuccessful, rework of either the launcher or the projectiles would 

be required and non-productive costs would, mount. The first component 

of the development test, that of full*sl 2 ed segments(s) of the launcher, 

^ ? re 5 1ude th ® need for ar) y ma j° r investment period rework 

ot tne launcher design. 

. *k ih addition to the construction crew costs, which are included 

i!I a ^n A d !. Ve l 0pn1en ^ 1 u VeStm ? nt cost estimate » there are operating crew 
twining costs, which would start during the construction phase and 

continue through the development test phase. These costs, are approximated 
by using two years of operations crew costs. 

are taken int0 acc0unt in the development 

test program, which includes: 

• an all-u P Puncher segment (in the continental 

U»w» j 

• Development of projectiles, estimated at 400, 600, and 
800 man-years of effort at $100,000 per man-year 

• Transient housing for 500 to 1000 people at $10,000 per 

p ? r «!l and convertible to permanent transient housing 
of 250 units 3 

t Two years of la.uncher operations cost. 

! h f ‘ l .f eVe i!° fW1 f nt ^ st p 1° 9ram estates are given in Table 6-9. A sunmary 
Of investment and operations cost estimates is given in Table 6-10. 
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TABLE 6-10. EML COST ESTIMATE SlftMARY ($, 1981) 
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TABU 6-9. DEVELOPHEKI TEST PROGRAM COST 
ESTIMATES (i, M. 1981) 


Low 


Expected 


High 


Launcher* Segment Tests . 
Development of Projectiles 
Miscellaneous Facilities 
Two Years of Operations 
Totals 


75 

100 

150 

40 

60 

80 

3 

4 

5 

40 

70 

130 

158 

234 

365 


6.4 Econo mic Evaluation of ehl Concept* 


th® ^ s . considered in this report are one alternative for 

ssrw S? HS r" 

st;s, Thi$ ~ eva&^r wjts te 


6.4,1 Launch Systems Alternatives 


other launch" £$ 22 ?' to th f Space Shuttle and its potential derivatives, 

the year 2000 and nightie- VtnVve^w^h^MLs • X r M bIl/ 1 * kt 

concepts with EML velocity canahn it <*«»!! , u.’/ The ,,yPnd EML/rocket 

,:r£i i'SS 

of the two-launcher system discussed in the ESRL report. st those 


are: 


The alternative launch systems considered and described below 
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• Hybrid EML/rocket 

• LEO and lunar supply £ml 

• four-stage solid propellant rocket 

• Single-stage gas gun 

• Rocket- powered sled 

• (ULVs) Sh “ tt,e a " d Sh “«'e-<leHved Unmanned Launch Vehicled 

tnansport: e ™SoV- V |m payioad°To'tht <i icn provi<ie an equivalent level of 
or 500- kg payload 9 toTL^r ‘pace stat^ *¥**"!•* 500-km altitude 
derived STS vehicles, payloads mfaht be finJL' P ° r both tbe current and 
but m any case, would be flown in larSL?^ space-available basis, 
to bear the sane cost per kilogram as’ genenVcargJ.^’ they are con s1dered 


of the ^km/ ^rld^a^n auncher U^tfLT 3 ! t capful 

»?*£!? ?f St ti 4 f **»"•. P o r r°o J ; Ct t V eS to r* t™ ^concept’ ft*" 
production rates, the unit P c„,t U , Cti0n rate of ‘en £r day. 

higher because production overhead would'Tot'nf t0 ^ ab "‘ t 
The expected costs for the ITfi "”!*'? not be amortized as 
are. shown in later tables 6 m 9un hybnd EML are slightly 


investment 
with annual 
an expected 
At lower 
50 percent 
thoroughly, 
higher and 


investigate d dig, | ^thls^TSpL™ ,, I h ” has not been 

tubes to accomodate the expected launch I rat^ U d riT e<, S ire Severa l launcher 
would approximate those of the* ESRL svstom‘ /o! he facility requirements 
investment accordingly is estimated to et al » 1982 )- The 

are estimated at $58 M. The ttroiectne^ 6 8 * and annual support costs 
same as the Earth-orbital project^ i fel dV^f^* ? u,d cost about the 
6.2.I.3. The high investment cost is H,!f u J! e l fc 1n ,? Kt1on * 6 - 2 -l-2 and 

p^h h W VJ require multiple launches 1 within t a \!!" ited launch window 
each month. Launches to the LEO soace ? w h0urs 0n a days 

launch windows. pace statl0n * however* would have daily 

use i" the^TkO S ^ p jy ' “mission ^ould^be*** 96 L°^ Qt env1s1 oned for 
three-stage projectile used for the ». A e a ' modified version of the 

a first stage which would replace the Vol?«T hyb *l d £ML together with, 
entire vehicle would be reoStimiJd tJ°°!^ p T 1ded by th ® ^L. The 
acceleration over longer periods of tima the lower levels of 

flying in the lower atmosphere. These lowo? h if h , would be required while 
permit the entire vehicle P to be desioftArf r f lev 5w S ^ acce l er ation would 
strength conditions than the EML projectiles hl l ,9htly J ower mechanical 

l* « 9e ^.V^uirVe^S ? T ' 

rather than nanponer e S is the case «1th ^ur^TehicTs". X" producMon 
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■«** be the same as for the Em projectiles: capital 
(machines) should be used In preference to. labor. • 

/ 0Uf “f ta 9 e socket would have a total mass of 48,300 kg 
S ^c ? mass 33,300 kg and the three upper stages 
J* “rni a 9 °v l lt°° kg “ The three- stage railgun projectile Is estimated 

2 2 at J 142 , K W f 1th a r r? ng ® tr om $94 K t0 * 194 K at a production rate 

tha Per daj i vSee If b ^ e 6 ; 7 )* By scaling the first stage cost from 

2 6 P° w ® r law the ratio of the mass of the three-stage projectile 

to the first stage, the first stage is expected to cost $229 K, with 

a range from $150 K to $313 K. The entire four-stage vehicle at a 

1aunch rate of ten per day would then, cost from *$244 K 
to $507 K with an expected cost of $371 K. 

To check the validity of these estimates* J L Van riaat/o 
?ook ty a t $C h?« p . r< y ect Manager, NASA/LaRC, was contacted. *Based on a brief 
]?* s ["formation. Van Cleave estimated that the Scout could be 

Dh 1 iA<nnhw° r wff^ 0 / 4 Ut h^ 5( *° £ a * a rate of ten per day, but that the production 
S5hl??« ph « y c l ?. u J d ki d l! e 2 b ? ?reatly modified. For example, the Scout 
vehicle Is assembled and checked out at the factory and again at the 

^ Ur V C ha the quoted price., labor intensive processes such 

*vn*2 e a d0Ub l e dhe fL kou ^ WOu1d have to be eliminated. Accordingly, the 
ex p ected cost of the larger four-stage supply vehicle is considered to 

far^VfL n e abl 2 g * ve ? that 1t , wou1d be a new de sign and that production 
facilities and equipment would be scaled to produce the desired number 
of vehicles without labor intensive procedures. 

Tbe cost Increase per unit due to lower production rates 
55 e n ° , ', tt ? ff r K da / 1$ T not expected to be much higher (on the order 
, P 52 ent . hi 9 her ) • ^ This increase would be principally due to poor 
amortization of overhead costs which would not be spread as well as at 

Sl? he Lr° < d fU 0n ?J& f V Tbe ex P ected cost P er w« at a rate of 365 
per year Is then $557. K, with a range from $336 K to $760 K. Launch 

services are Included In these estimates, but ongoing engineering and 
support would cost about $10 M per year. y 9 9 9 

. ^ i, Tbe or1 9 inal Scout development cost was about $16 million 

Ar a b®ut $56 miUlon In current dollars (Scout Proaram. 
Langley Research Center, 1976). The development of the four-stage rocket 
is expected to cost about $100 M because of its larger size and higher 
*Br2 rma I C ?<A e, P #c<all y * n terminal guidance accuracy for retrieval 9 by 
p sr s0 « n rn ’ Production facilities to achieve the rates 
considered ^ 365 to 3650 per year) are expected to cost on the order of 

JJ2 M i f2 a a$s6mb )y and checkout at the launch site, payload mating, 
and launch and post-launch control facilities are included in the 
development and production estimates which total about $150 M. 

found tn s * n 9te-stage gas gun was briefly examined and 

Jfj®. b ® t f echn1 0 ca11 y feasible for boosting a 15,000 kg projectile 
net? k ?u S a 2 kn,fc1on 9 tube with a cross-sectional area of 1 meter. 

Using the ideal gas equation (pV = nRT = }gnv 2 ) with temperatures of 1273 K 
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and 1773 K, 51,003 kg and 36,619 kg of steam (from Ho/O? propellants) 
would be required to drive the projectile at 100 g's with 148 atmospheres 
of pressure. The temperatures were selected as the range which could 
be. tolerated by steel alloys after the steam expands adlabatlcally within 
a refractory combustion chamber. To achieve higher launch velocities, 
however, higher temperatures would be required and these could lead to 
materials problems. The major technical challenge for the 2-km/s gas-gun, 
however, lies In the Introduction of 36 to 50 MT of cryogenic propellents, 
into the combustion chamber In two seconds. 

The gas gun envisioned for the LEO Space Station supply mission 
is expected to cost less than the hybrid EML/rocket launcher because 
of Its Inherent simplicity and relatively low technological uncertainty. 
Since many of the same facilities would be required, and the propellant, 
manufacture and storage requirements would be significant, the 

development/in vestment costs of a gas-gun facility would be greater than 
those for the four-stage rocket. Also, the potential for growth of a 
single-stage gas gun beyond 2 km/s is limited by the achievable propellant 
temperatures and by the ability to provide materials which can withstand 
those temperatures. Accordingly, higher velocities would require 
additional stages and thus would increase the complexity and costs of 
the launcher system. 

The brief investigation Indicates that the gas gun performance 
potential should be equivalent to the hybrid EML concepts and if a 
fixed-azimuth launcher in this velocity region is needed, the concept 
should be kept in consideration. 

Rocket Sled . A liquid-propellant rocket sled was considered 
as an alternative to the hybrid EML concepts. The rocket sled would 

be placed on the side of a mountain slope with rails of over 2-km length. 
The rocket sled would accelerate a 15,000 kg projectile for 2 km, release 
the projectile, decelerate, and return for reuse. Initial calculations 
assumed the use of H 2 /O 2 propellants and modified Space Shuttle Main 
Engines (SSMEs) with a mass of 6000 kg per engine. More than 10 SSMEs 

would be needed to produce the required thrust. A solid-propellant rocket 
sled was also considered. Preliminary calculations indicated that a 
very rapidly burning solid rocket motor (two-second burn time) with a 
diameter at least 100 times greater than the length might also be capable, 
of providing the desired performance. Previous solid motor design 
experience has been with length-to-diameter ratios from about 1:1 extending 
to long, thin motors. This solid rocket motor would have problems 
maintaining adequate chamber pressure while permitting a very high mass 
flow.. The four-stage solid rocket discussed above, was felt to be superior 
to the rocket sled because the motors would be more conventional, the 
acceleration could be lower than 100 g, and a vertical launch would be 
preferrable. 

$nace Shuttle. The current Space Shuttle has a nominal payload 
capability of 29.5 MT (65,000 pounds) to a 296- km (160 n.ml.) orbit at 
28.5 degrees . inclination. Projections of the recurring Shuttle cost 
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per launch after Its Initial learning problems are resolved and hiaher 

iQfti Ch Hrn eS are J chi ® ved » fal1 ^ the range from $41.7 M to $58 M 9 in 
19 ?L do i lars *. Th ® low estimate includes the effects of probable 

Th ? e Shut . tle . to redu f e operating costs and/or Increase 
performance. The low estimate was originally provided by Frank Williams 

jjt M ? r1 | tta Corporation and Mike Van Hook of NASA/MSFC as part 

«TA/-hJfti rt WOrk D fo ** bu * n ? t re P° r ted In, the Phase II Final Review, 

, Stud *’ Shu n ttle De ^ved Vehicles", April 26, 
thf 2 *sh,I+ e i b1gb estimate Is made by Battelle; it reflects Inflation since 
the Shuttle pricing base date is 1975 and does not Include additional 
Investment in modifications to the Shuttle. 

t J he Shuttle will have a performance penalty to achieve 

the higher Space Station orbit (500 km versus 300 km nominal STS orbit). 
It would also have another performance penalty, or a new launch site 

5Lr b# eS Ul Sf - ; w t0 support T a space station at an orbital inclination 
other than 28.5 degrees. To account for both performance nenaitiee 

associated with flights to a 500-km orbit and ongoing operational 

and r °*hr er 1^4 0St f * m?.? 88 *1 C0St 1s USed for the S P ac ® Shuttle, 

and ^he lift capability of 29.5 MT Is reduced to 25 MT. However to 

reflect the likelihood that much of the bulk cargo may be flown on a 
space-available basis, no additional penalty Is assumed for container 
weight. This .eads to a calculated cost of $2320 per .kilogram. 

* Advanced Manned and Unmanned Vehicles . There are several 

Vehicles fun/* 1 ’"T ™ e AAA U A tle ‘ D ® n d vehicles (SDVs) or Unmanned Launch 
£ h es J UL ? s) ’ * n add ^ t '* on t0 several approaches to uprating the manned 
e f ®j; T J/ an sport to LEO. There will also be a need for Orbit Transfer 
Vehicles (OTVs) with the capability of transporting a manned module beyond 
LEO. The OTV (and very likely the ULV) would be required to transport 
large equipment and/or personnel for the lunar base 9 program. If EMLs 
were developed to transport bulk materials (and especially propellants) 

r ?K dUC i i0n i in the numbef of ULV and 0Tv eights would be 
possible, but the development of advanced chemical propulsion vehicles 

tiTft be A V °;r* Deve i opment estimates for these vehicles lie in the 
® u j * 4 8 Tange and are dependant upon modifying current technology 

Earth%n h ?Pn Wa Jl e hiii 6 * 9 * Shutt J e °r J u$ l Recurring cost estimates for- 
8ar A io t 2’ L / E i I e , c J es , range from $36 M (Martin Marietta— Uprated Shuttle) 
to $48^ M (Martin Marietta— Shuttle Derived Vehicle). Since the ULV would 
w?Hi 1a r?k ly expendable, this estimate Is considered low in comparison 
with other large expendable vehicles. A reusable OTV is expected to 
have somewhat lower recurring costs ($5 M to $10 M per round tn*p) but 

! Ai h !. cost B of trans P° rt1n 9 Its propellants to the space station 
J? if L c1 ? ded ‘ For trans Pert of bulk materials between LEO and a lunar 

Sm be reJi^d botb an Earth-to-LE0 vehicle and an OTV 

ell; b /Vi $ i\ d K lf t Th ? U J* V iA S < be i ie !! d u t0 have a relatively low development 
cost ($1.5 B), but a relatively high recurring, cost ($70. M) reflectina 

the relatively low reusability of this vehicle. 'The 68 MT payload yields 
a transport cost of $1029 per kilogram. p y yields 

. Th . e OTV Is estimated to have a development cost of $1.0 B, 

and a recurring cost of $5 M per round-trip Is considered reasonable 
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<1 transporting propellants or water (and processing cost) 

Is not. Included. The cost for these propellants largely consists of 
t0 „ 0rb J\ by the ULVs * wh1ch P are costaH^^ 

5°^ of propel! ant transport by ULV (and by OtV to the lunar space 

1 1 3 ! 200 5 ( $ 6000/ C l bT- ' th ® C ° St Per k1,09r “ for 0TV car 9° would be about 


6.4.2 


trison of Alternatives 


.. rui Comparison of the EMLs with the alternatives indicates that 
tm c E a M i S * 0u ^ d Perform these missions with considerable cost advantage 
ISlt d stiMm? e a J s ° holds under the more stringent criterion of discounting 
coJ«iHp«t?nn th ten i perc / nt ‘ Th1s comparison technique takes into 
the ,! a ue , of moneta ry investments over time; its major 
P e 2 all2e large early investments which, as for the EMLs 

r h u f b *Z*L be !°: e b T fit$ of using the investment can be realized. 
?n £1* undiscounted cost comparisons are shown in Tables 

stst,on supply " 1ss, °" ,nd the ,unar 

launches & &*,££ SXStt. Ice?, 32 

high launch rates are essential to the economic use of the. EMLs If 
launch irate were to fall to one launch per day (365 per year), the 
w ? uld Produce lower discounted total program cost! 

j" *1 where di scounted program 

Th?J S d:^ re 9 \ Q £*i as a function of equivalent 800-kg payloads per day 
I h l S i fl gu/ e illustrates the total program costs for the LEO Space Station 
supply mission alternatives over the period 2000 to 2029 and presents 

Space^h r u«le ,e ULV^and^Tv programs with development costs inched 
;I pa J e ULV * and 0Tv are shown rn terms of total discounted program 

5? St «n?i r /) ldg ram of ca rg° without development costs. A $500/kg line 
iL . show - ns close approximation to the. four-stage rocket 
program* series of possible EML programs is also presented 
are hypothetical programs with development costs rangfng from $1 B to 
JL 8 ;"* F sarae Projectile unit costs are used for all five programs 
£ ML reference concept falls between the two lower EML program 

h i*LlhH er dls 5 0unted costs than the four-stage rocket as ?ong 
as multiple launches per day are achieved. a 

An , rftcl , 1te The tJ u 1? r * bas ! bulk supply mission has a similar analysis 

'"ajor changes for this mission are the use of a $5 B 
l a “ nc t h h e ; 4 use x of Projectiles with 500-kg payloads (versus 800 kg 

for the LEO mission), and the fact that the four-stage rocket cannot 
be used to supply the lunar space station. If th^four^taae 5St 

Nation 6 oorti on P oV ♦£ ffi? R ? rt1dR of th | s application, the lunar space 
station portion of the EML launches would be less economical because 

of lower utilization of the investment in EMLs. The cost of transporting 

prope lants or other bulk cargo to the lunar space station by Temi cal 

$13 P 200/ko) te tL n t q th S fm.‘ 9 ‘ < il V) ^Pavertheless sufficiently hloh (about 
*13, 200/kg), that the EML would still be justified for this mission, alone 
Other uses would enhance this advantage. nnssioa a ione. 
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EFFECTS OF DISCOUNTING ON TOTAL PROGRAM COSTS 








Category 


mrnmmtmmm 


ERNATIVES FOR 2010-2030 LUNAR 
, M, 1981, EXPECTED) 


All 

Chemical Propulsion 
(STS, ULV, OTV) 


Chemical 

Propulsion and EML 
(STS, ULV, OTV, EML) 


3 


(Investment Period) 


2000-2004 


2000-2009 


Total Investment 






(STS-Pald;/ ULV-$1.5B; 
OTV-SI.O 84 EML-S5B) 


S2500M 


57500M . 


(Flights: 2010-2030) 

STS 

ULV OTV 

STS 

ULV . OTV 

EML 


126 

546 651 

. 126. 

0 126 

17,584 

Cost Per Flight 

$58M 

S70M S5M 

SS 8 M 

— $SM 

$0,170* 

Cost of Flights 


S48.738M 


S12.145M 


30-Year Total Cost 


$51,238M 


S19.645M. 


30-Year Total Cost 
Discounted at 10 Percent 


S2.635M 


51.891M 



* Plus $ 58 M annual operations. 


It should also be noted that the two missions discussed are 
Independant and therefore have additive launch rates. This would help 
In achieving economical use of an EML facility for LEO and lunar 
i,*, wou * d be di ^cu1t to justify an expensive (more than 
S2 B) EML facility In the face of competition from the four-stage rocket. 
If fewer than two launches per day were expected. 
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7.0 TECHNOLOGY ASSESSMENT 

The objective of this task was to assess the status of current 
EML technology as it applies to electromagnetic launcher concepts for 
space applications, and to provide supporting research and technology 
(SR&T) recommendations to NASA. The information developed over the course 
of this study has been used to assess the technology. This section of 
the final report is broken down into two major subsections. First, the 
technology evaluation subsection, will discuss some of the technological 
areas that need further work. The second subsection provides a suggested 
plan for NASA to follow. If it desires to develop EML technology for propul- 
sion applications in the space program. 


Technology Evaluation 



Technology development areas were identified based upon review 
of the open literature, discussions with EML experts, and attendance at 
several EML conferences to assess the state-of-the-art technology. As 
a result of the technology evaluation activity, recommendations were made 
regarding certain areas which require NASA supporting research and 
technology-SR&T (see Section 7.2). The SR&T recommendations were made 
In those areas that NASA must resolve before an EML Earth-orbit supply 
launcher development program could be Implemented. It is expected that 
the DoD will, over the next several years, develop many areas of technology 
needed for EML Earth-orbit supply systems. 

The primary areas requiring technology development ,..iich were 
identified in this study are listed below: 

• Scale-up of existing EML systems 

• Energy distribution and switching 

• Projectiles 

• Energy storage systems 

• Projectile brushes and armatures 

• HP6 brush material 

• Launcher tube bore 

• Preboost systems 

• Launcher structural support. 
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space launchers, 2000-m long EML systems must be operational. Projectiles 
must also be scaled, the reference concept projectiles range from 3000 
to 15,000 kg and must be launched between 2. and 12 km/s. Rallguns have 
reached 10 km/s velocity, but for gram^-size projectiles. Coaxial 
accelerators have launched 5 kg projectiles, but at launch velocities 
on the order of 0.1 km/s. Scale-up of current systems must be demonstrated 
before beginning development of EML systems. 

7.1.2 Energy Distribution and Switching 

Demonstrations of distributed energy storage (DES) railgun systems 
have been progressing over the last few years. A DES demonstration program 
was begun at the University of Texas at Austin Center for Electromechanics 
(UT-CEM) in 1980. In July 1983, UT-CEM fired a ten-stage 4-m railgun 
accelerating the projectile to 3 km/s. The investigation goal of UT-CEM 
is to accelerate 1 to 3-g projectiles to 10 km/s with this railgun (Holland, 
1984). Vought, in connection with UT-CEM, is building a 5-stage 3.65-m 
railgun with, a design capability of propelling a 60*g projectile to 
3-4 km/s. 



By nature* coaxial accelerators are distributed systems. The 
dM/dz parameter in the thrust equation is not constant, so the current 
must be synchronized with the projectile motion (see Section 3.1.2 and 
Appendix D). 


For all distributed energy store systems, switching of current 
at the right time is crucial. For railgun systems, current must be switched 
when the projectile reaches a new segment. The coaxial EML reference 
concepts continually switch drive coil turns in and out so that ten turns 
remain active behind each projectile coil. 

Switching is considered a critical technology area, until 
switching issues are resolved EML system development will not take place. 
Critical issues are switch performance and life times for an EML system 
* which launches an average of ten times per day over a 30-year system life. 
The switches must perform over many launch cycles without being replaced. 
Frequent replacement would be prohibitively costly in terms of time and 
economics. 

7.1.3 Projectile Development 


0 

0 

0 
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Critical issues to the design of an EML-launched projectile \ 
are: high acceleration constraints, aerodynamic considerations, and 

materials selection. All of the above are critical to EML system , • 
development and all require in-dopth study. \j 


The high accelerations of launch (100-3600 g's) produce unique 
requirements for NASA programs. Acceleration effects on propulsion systems 
(sensitive liquid-propellant lines and tankage, and solid propellant grain) 
need to be -investigated. A finite-element analysis is required to establish 
confidence in conceptual designs, particularly in projectile structure. 
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Instrumentation and stabilization pop-out mechanisms (fins) must also 
withstand the acceleration loads. Existing OoD expertise In the area 
of high-acceleration tube-launched artillery and missiles should be able 
to contribute significantly to this Investigation* 

Aerodynamic drag considerations are important from the standpoint 
of the velocity required to launch a projectile through the atmosphere * 

to obtain the desired end condition. The higher the drag, the greater 
is the loss of velocity and energy along the flight trajectory. The higher 
the drag, the greater will be the sonic boom generated by the projectile 
as It transverses the atmosphere. Daniel and Milton (1980) indicated 
that low-drag bodies are possible; experimental research is required to 

verify this. 

Aerodynamic stability as the projectile leaves the muzzle of 
the launcher tube is another critical issue. Preliminary assessment 
conducted during this study indicates that stability of the vehicle is 
critical to the performance of the System. Initial concepts for 

establishing flight stability Include the use of fins at the rear of the 
projectile and the center of mass being nose forward. (If the pitching 
rates can be made fairly low, the vehicle will not have a chance to pitch 
very far during the few seconds that it flies through the atmosphere. 

Pitching moments of the order of perhaps 10 degrees per second would still 
allow the vehicle to fly out of the atmosphere without any problem.) A 
very important consideration in the launch of the Earth-to-orbit railgun 
projectile Is the jettison of the sabot, as the projectile leaves the 
muzzle of the rail launcher 'vibe. The sabot would have to break free 

in a very timely way so that a pitching moment is not imparted to the 

vehicle. Pop-out fins are used in the round-bore systems of the other 
references concepts. If stability should prove to be a problem, round 

bores could be used for all concepts and the projectiles spun-up prior 
to launch. Theoretical and experimental work Is required in this area. 

Aerodynamic heating Is also a very critical aspect of the EML 
concepts, especially the Earth-to-orbit concepts. Initial assessment \ 

Indicates that because the projectile flies rapidly through the atmosphere > 

(7 km/s), there is little time for aerodynamic heating to melt the nose i i 

cone to any significant degree. The heating rates are very high, and 
It is expected that a fairly significant area at the stagnation point 
would be melted away, depending upon the latent heat of fusion and the 
melting temperature of the nose tip material. Steel was used for the 
nose cone in the Earth-to-orbit reference concepts. -Experimentation Is 
needed to determine appropriate materials for use. 

7.1.4 Energy Storage Systems 

Energy storage technology is critical especially _for near-term 
concepts. Homopolar generators (HPGs) are commercially available . at 
6.25 MJ; UT-CEM has. a 10 MJ HPG. In the next five to ten years, an 
order-of-magnitude more storage capacity for HPGs should be expected 
(telephone conversation with Dale Pryor, DIME). Other, railgun energy 


BATtSLLE - Columbus 



r 


storage devices which may merit further investigation are batteries and 
the Inverse railgun (Marshall, 1984b). 

Various storage inductors are available for the coaxial 
accelerators; a Brooks, coil was selected. The single inductor is simple, 
but does represent a possible single-point failure area. The multiple 
HPGs on the railgun systems are more complex and massive, but offer some 
redundancy. 

When a detailed system design is conducted, energy storage devices 
will need to be considered carefully before selection Is made. This is 
not a critical area of system development, however. 

7.1.5 Projectile Brushes and Armatures 


Projectile brush and armature selection are dependent upon launch 
velocity. Several coaxial accelerator concepts which were considered 
used projectile brushes to pick up excitation currents from the drive 
coils. These concepts were not selected for reference concepts, because 
of uncertainties of brush survival at velocities above 1-2 km/s. Westing- 
house is conducting advanced brush work. At 1 km/s, brushes survived 
with no rail erosion. William Snow (EML Research) expects no problems, 
even at 7 km/s. If experimental evidence shows that brush deterioration 
is not a problem during launch, these launcher concepts may be revisited 
for consideration in a system design. 

Railgun armature selection depends upon velocity of launch. Below 
2-3 km/s, a solid metal armature may be used (similar argument as for 
projectile brushes). Copper and aluminum are the most commonly used 
armature materials. Aluminum armatures have been used at velocities of 
up to 3 km/s. Above these velocities, plasma armatures are needed; but 
at the initial low velocities, erosion of the rails may occur unless 
preboosting of the projectile is done. Solid/plasma armatures have been 
suggested as the optimum solution. Extensive experimental research is 
needed before this armature is selected for system design. 

7.1.6 HPG Brush Materials 

The ability for HPGs to store energy depends directly upon the 
speed at which the homopolars can operate. Critical to HPG reuse economics, 
are the brush materials that transfer the charge. Discussions with William 
Weldon at the University of Texas Center for Electromechanics indicate, 
that HPG speeds are currently limited to approximately 220 m/s with long 
life at the brush Interface. The use of advanced brush materials would 
allow increased speeds which would in turn allow more energy to be + stored. 
The University of Texas Center for Electromechamcs is investigating hpg 
brush technology and has Improved the brush materials to the point where 
they can obtain speeds of 300 m/s using advanced materials, but sail 
experience a great deal of erosion. 

A major issue in the EML systems would be the required replacement 
rate of brush material. It is desirable to operate the HPGs at high speeds 
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and with minimal maintenance over long periods of time. The ease of brush 
replacement is also a major issue. Currently* the commercl ally-avail able 
OiME HPG must be disassembled to replace the brushes (telephone conversation 
with Dale Pryor, OIME). When 750 to 3600 HPGs are used* disassembly would 
require an excessive amount of time and would likely limit the launch 
rate severely. These issues are critical to the operational cost of the 
System. Therefore* there is a need to advance the state of technology 
in the area of brush materials for HPGs. 

7.1.7 Launcher Tube Bore 

The bore design and especially bore/projectile Interfaces are 
key factors In reusability of EML tubes for both railguns and coaxial 
accelerations. The selection of bore shape* materials, and support 

structures is important for launcher tube longevity. 

Round-bore railguns have been experimented with more since the 
previous ESRL study. Lawrence Livermore National Laboratory and Los Alamos 
Scientific Laboratory are the primary Investigators. A round bore offers 
several advantages over a square bore. A round bore allows the capability 
for spin-stabiliting of the projectile. Pop-out fins can be used, reducing 
the bore diameter, and thus the launcher system mass. A round^bore rail gun 
also allows for the possible remachining of the bore which would permit 
a long operational life for the system. 

The proper selection of materials for tube structural support 
is critical to maintaining launcher alignment and reducing bore damage 
due to launch bursting forces. 

Another critical technology area that needs to be Investigated 
prior to development of an EML system, is the evaluation of: (1) 

projectile/bore friction, (2) sabot/projectile- friction for railgun systems 
during the launch phase, and (3) the tolerances that are required to 
avoid projectile destruction during the launch phase. Aspects of friction 
should be evaluated for both square and round bore launchers. Analytical 
and experimental work should be conducted to establish the significance 

of friction and critical dimensions of the bore and the projectile at 
the time of launch. Experiments could be conducted in existing facilities. 
The problem of launcher tube movement as a result of continued firings 
is an important aspect related to the bore tolerances. This aspect 

determines the reusability of the launcher bore after numerous firings. 

7.1.8 Preboost Systems 

Reusability of the rails 1s a major issue for plasma-armature 

railguns. The long dwell time of the plasma during initial accelerations 
tends to erode the rails. For a large-scale railgun system to be developed,, 
rail damage must be prevented. Pre-accelerating the projectile to 1 km/s 
or so greatly reduces the damage. 

Preboost systems were used in all four reference concepts in 
this study, even though only one was a plasma-armature railgun. Preboost 
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systems were assumed to provider small velocity (50 m/s or so) to initiate 
projectile motion to overcome the downward forces due to the Incline of 
the 10-degree and 30-degree launcher elevation angles. 

Helium gas Injectors are commonly _used to preaccelerate 
projectiles before entering the rallgun section. Typically the projectile 
is accelerated to velocities of 0.5 to 1.0 km/s using high-pressure helium 
(3000 to 5000 psl). Various preboost concepts would need to be tested 
before Selecting an appropriate method. Preboost systems are not considered 
to be critical to the development of an . EML system in that the basic 
technology is available. 

7.1.0 EML System Structural Support 

Large support structures are required for the EML systems for 
space missions for several reasons. The launcher tubes are very long 
(the reference concepts would be 2040 m long) and correct alignment must 
be maintained. The bursting force on the rails or drive coils during 
launch must be contained. The structure for the coaxial accelerators 
to contain tube stresses could be somewhat lower in mass than for railguns, 
because the projectile coil presence decreases the forces.. Launcner 
structural support technology is not expected to be critical to the 
development of EML space-mission, concepts. 

7.2 Supporting Research and Technology (SR&T) Recommendations 


Based upon the results of this study, supporting research and 
technology (SR&T) efforts have been prioritized and funding estimates 
have been made. Table 7-1 provides our estimates of 5-year funding require- 
ments for our recommendations in 1984 dollars. 

Four major areas of activity have, been categorized: (1) EML 

experimental research; (2) EML mission requirements studies; (3) EML 
systems studies; and (4) special studies. The philosophy in developing 
the schedule for EML SR&T was based* upon the fact that D0D agencies are 
funding EML technology development at an ever increasing level and that 
NASA should only complement this effort for the space transport mission. 
Subsections below discuss the suggested areas of NASA- funded SR&T. 

7.2.1 EML Experimental Research 

To keep abreast of the latest technological developments in 
the EML area, Battel le recommends that NASA/LeRC continue a low-level 
experimental work profile with the equipment in hand and concentrate the 
effort on hypervelocity impact testing of Space Station power system 
components (space debris and meteoroids) and continue to investigate 
switching technology for distributed energy rallgun systems and coaxial 
systems. Funding levels are provided in Table 7-1. Funding for Item A 
increases in the latter years because of testing with Space Station power 
system prototypes. 
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TABLE 7-1. ESTIMATED FUNDING REQUIREMENTS (1984, K$) FOR 
RECOMMENDED EML SR&T ACTIVITIES 


Activity 


EML Experimental Research 


A. EML Demonstration and 
Hypervelocity Impact 
Testing 

B. Energy Distribution and 
Switching 

EML Mission Requirements 

Studies 

C. Lunar Base Supply 

D. Space Station Interfaces 

EML Systems Studies 

E. Preboost Systems Analysis 

F. Projectile/Sabot Design 

G. Propulsion Systems and 
Instrumentation Design 

H. Total Launcher Systems 
Design Study 

Special Studies 

I. Environmental Impact 
Assessment 

K.. Unassigned Studies 
Total SR&T 



PY-85 

FY-86 . 

FY-87 

FY-88 

FY-89 

Total 


150 

150 

200 

250 

300 

1050 

50 

50 
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100 
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(200) 

(200) 

(250) 

(300) 

(1150) 

200 

100. 
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300 

75 

75 




150 

(275) 

(17S) 

(-) 

(-) 

(“) 

(450) 


75 
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75 
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— 

150 

150 

— 

300 
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150 

. 150 
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300 




100 

500 

600 

(~) 

(75) 

(300) 

(400) 

(500) 

(1275) 

— 
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• 150 

150 

50 

50 

50 

50 

50 
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7.2.2 EMI Mission Reoui regents Studies 

!■ Two study areas need further development to provide better insight 

and benefit quantification for EML missions. Our study showed that the 
far-term application of EML systems for large bulk^mass transport showed 
promise for two NASA programs: the Space Station and the lunar base.. These 
studies (discussed below) should be done soon to provide guidance to the 
, rest of the recommended SR&T activity. 

A consideration of EML support of Space Station has not been 
f P art the initial Space Station pre-program and program planning (and 

' should not be). EML support may introduce new and/or additional require- 

ments to a growth Space Station facility. Trades such as projectile 
retrieval using on-board automated systems or OMV-type systems should 
be considered. How many OMVs are needed and how are storage and handling 
of both the payloads and projectiles accomplished? For example, the Shuttle 
could return spent projectiles to the surface. The study of these and. 
other related issues provide a better understanding of costs, burdens, 
and benefits of using an EML system.. 

Key Issues that may affect the benefits of EML supply of a lunar 
base include the lunar base characterization, transportation alternatives, 
and on-orbit support capability. Some Important considerations of the. 
lunar base characterization include the lunar- produced oxygen benefits, 
crew size and rotation, cryogenic storage at the lunar poles, and lunar 
resource/product return (possibly using a lunar-based EML). Comparison 
of the EML supply to alternative, more-conventional vehicles is key to 
deriving the benefits of EML. Transportation trade studies would also 

include various types, sizes, and performances of Earth-based, space-based, 
and lunar-based transport vehicles used to supplement the EML with manned 
transportation. For example, the size of an OTV-type vehicle and the 

types of propellants are critical considerations. The studies of on-orbit 
support alternatives would address effects of storage, retrieval, and 
refurbishment capabilities for projectiles, vehicles, propellants, and 
payloads. The range of effects of any issue may have- a large impact on 
cost benefits.. 

7.2.3 EML Systems Studies 

After the refinement of missions requirements (see Section 7.2.2) 
for promising EML systems applications, various EML studies need to be 
accomplished. Because of the need for a preboost system on rail gun EMLs 
and the potential of this system being a replacement for the EML hybrid, 
launcher, the first study would be to Investigate and analyze preboost 
systems, in particular, large light-gas gun systems. Second, projectile, 
sabot, propulsion systems, . and Instrument designs need to be designed 
in detail based upon Items C.and D (see Table 7-1). Also, trade studies 
need to be accomplished on solid or liquid propulsion systems. These 
studies would also investigate projectile aerodynamics, materials, and 
structural problems. The goal would be to arrive at designs for both 
a railgun and coaxial launcher system for Earth orbit and lunar missions. 
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Total funding for these Is estimated at $600 K In FY-87 and -88 (see 
Table 7-1). Once these studies have been completed, a total launcher 
systems design study would be needed to determine the benefits of both 
rail gun and coaxial systems versus conventional methods of space transport. 
In FY-88, a preliminary study would be conducted; a larger study $500 K 
would be accomplished In FY-89. 


7.2.4 Special Studies 


Special studies are defined to Include unasslgned studies and 
an environmental Impact assessment to be accomplished In parallel effort 
with Item H. 
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8.0 REVIEW OF ALTERATIVE EML CONCEPTS 


In addition to railguns, which were Investigated as an. 
alternative to chemically-propelled launcher systems In Battelle’s 
Earth-to-space rail launcher (ESRL) study (Rice* Miller, and Earhart, 
1982), a number of other electromagnetic and electrothermal propulsion 
systems have been proposed. These concepts are reviewed briefly in this 
section and their suitability for the space missions considered in this 
report are assessed. Other concepts such as magnetoplasmadynamic and 
free-radical thrusters were not reviewed as they are considered to be 
primarily low-thrust techniques, at least for the foreseeable future. 
Those concepts that are reviewed include coaxial accelerators, 

electrothermal ramjets., electromagnetic rocket gun, and electromagnetic 
theta gun. Soviet wo**k in electromagnetic acceleration is also reviewed. 

8.1 Coaxial Accelerator Concepts 

Two additional coaxial accelerator concepts were reviewed and 
were not selected for inclusion in the reference concepts. These were 
the Frequency Controlled Coil Driver., designed by 0. K. Mawardi of 
Collaborative Planners, Inc., and the Solenoid Earth Launcher, designed 
by William Snow of the U.S. Army Armament Research- and Development Center 
and currently with EML Research, Inc. Summaries of these, concepts are 
given in this section. 

8.1.1 Frequency Controlled Coll Driver 

NASA/LeRC contracted with Collaborative Planners, Inc., ar.d 
EML Research, Inc., to supply coaxial accelerator concepts as input to 
this study. Appendix E contains the report of Collaborative Planners' 
effort which is briefly summarized here.. Two. launcher concepts were 
designed by 0. K. Mawardi, a hybrid EML/rocket concept and an 
Earth- to-orbit EML concept. Because of the limited payload mass and 
the technical uncertainty of superconducting the projectile coils, these, 
concepts were not selected as reference, concepts for further study. 

Figure 8-1 presents a cut-away view of Mawardi 's launcher 
concept. The launcher length was calculated at 2.0 km; this corresponds 
to 8888 drive coils for the hybrid mission. The projectile coils would 

be made of aluminum and would have a mass of 406 kg. From the results 

shown in Appendix E for the Earth- to-orbit concept, mass summaries were 
derived and are shown in Table 8-1. These numbers indicate that because . 
of the large size of the projectile coils, the available mass is limited. 
The available mass must include the payload, orbit-circularization 
propulsion system, and structural mass. The velocity for the projectiles 
is also insufficient to reach orbital altitudes. 

For the hybrid EML/rocket concept, ten projectile coils were 

assumed. To orbit an 800-kg payload (payload requirement, see Table 3-1), 

approximately 12,700 kg of solid propellant is required. After subtracting 
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the projectile coil mass (4060 kg), the remaining projectile mass would 
be 10,940 kg. To use this concept, either an optimization study must 
be done to Increase the size of the three-stage rocket or the lower payload 
mass must be accepted. 


TABU 8-1. NASS AND VELOCITY SUMMRY FOR MAMARDI 1 S 
EARTH-TO-ORBIT PROJECTILE 


8 


f! 

Projectile 
Mass (kg) 

Projectile 
Coil Mass (kg) 

Available 
Mass (kg) 

Final 

Velocity (km/s) 


650 

406 

244 

4.8 


1000 

816 

184 

3.3 

t 

6500 

4060 

2440 

2.9 



The concepts use brushes and guide rails to feed excitation current to 
the projectile coils. Because “It Is essential to maintain current density 
in the brushes at a low safe value" to guarantee mechanical stability, 
the concepts are velocity limited. To launch at velocities above 6 km/s, 
Mawardl suggested that the projectile coils be cooled to superconducting 
temperatures with the current induced in the coils before launch; this 
eliminates the need for brushes entirely. However, superconducting 
projectile coils, present new problems. For example. If the superconducting 
coils should become normal before leaving the launcher tube, damage to 
the projectile and to the accelerator could occur. . Superconduction of 
projectile coils requires further analysis. 

8.1.2 Solenoid Earth Launcher 


Another coaxial accelerator concept which was briefly reviewed, 
is the Solenoid Earth Launcher, designed by William Snow of the U.S. Army 
Armament Research and Development Center, now with EML Research, Inc. 
The review was based upon notes and viewgraphs (Snow, 1984) supplied 
late in the study effort and telephone conversations with Snow In April 
1984. The purpose of this launcher, would be to launch projectiles to 
Earth-orbital altitudes at velocities of 6 to 7 km/s. The launcher would 
consist of a single helix drive coil built in segments and a projectile 
with a single projectile coil and current pick-up brushes. 

The proposed accelerator would consist of 1000 2-m drive coil 
segments, with each segment containing 60 coils. Approximately 2600 MT 
of copper would be required to build the launcher tube with a tube 
thickness of 5 cm. Two homopolar generators connected in series would 
supply energy to each segment at 70 MJ per segment (35 MJ per HPG); 
therefore, 2000 HPGs would be required. Since these would be self-excited 
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HPGs, Snow claims that there would be no need for Intermediate storage 
solenoids (telephone conversation with William Snow, April 1984). 
triggered vacuum gap switches would be timed to open and close to activate 
the drive coils as a function of projectile position. A maximum of 60,000 
switches would be required (one for each drive coll). Figure 8-2 presents 
the Solenoid Earth Launcher concept. 

Snow Investigated three projectile masses: 2000 kg; 3000 kg, 

and 4000 kg. Each projectile consisted of a payload, propulsion system 
for orbit insertion, structure, and one projectile coil. The projectile 
coil for each of the three projeclles studied was assumed to be made 
of aluminum with a mass of 273 kg. Current would be fed to the projectile 
by means of brushes which would pick up the current from the drive coll. 

The 3000-kg and 4000-kg projectiles were rejected by Snow because 
of heating and stress during launch. The projectiles were assumed to 
be precooled to 160 K, while the solenoid would be water-cooled during 

launch. Snow's simulations indicated that the 2000-kg projectile (with 
a single 27 3- kg projectile coll) would experience a 180 K temperature 
rise (to 330 K) and a 100,000-psi stress of which 40,000 psl would be 

solenoid compensating so that the back of the projectile coil would see 
60,000 psl. The 4000-kg projectile with the same coll mass would 
experience a 500 K temperature rise and a stress of 200,000 psi. 

This concept does not use one inherent advantage that the 

reference concept coaxial accelerators have over the railgun. The use 
of multiple projectile coils provides lower projectile launch stresses 

by distributing the stress throughout the body, rather than having the 
stress applied at the back of the projectile as in the case of a railgun 
launch. While one projectile coil in the center of the projectile (like 
Snow's concept) will reduce stresses somewhat over a similarly-sized 
railgun projectile; to get a useful payload for space delivery, the 
structural mass needs to be at a minimum. Multiple projectile coils 
halp to increase the payload-to-projectile mass ratio by lowering 
projectile launch stresses which decreases the amount of structural mass 
required; however, this occurs at the expense of added system complexity. 
Table 8-2 lists the payload versus structural mass for Snow's 2000-kg 
projectile assuming a similar propulsion system to that used in the 
reference concepts (payload mass to propulsion mass ratio of 0.28, see 
Section 3.8). For comparison, the Earth-to*orbit railgun projectile 
concept contained 2730 kg of structure and the Earttwto-orbit coaxial 
projectile (with 40 projectile colls) contained 300 kg of structure. 

Another concern is the use of projectile brushes at the required 
7 km/s launch velocity. Sliding brushes have been used up to 1 km/s 
with no damage (see Section 7.1.5). Snow believes that the brushes could 
take velocities of 10 km/s or more with out damage. Since the brushes 
would be attached to the projectile, if they could survive long enough 
to feed current through tha launch phase, it would be sufficient as reuse 
would not be required. 
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1 LJ n l t1ated i the Solenoid Earth Launcher should be considered along 
with those of the reference concepts (Section 4.0), especially if further 
research and experimentation yields promising results for use of brushes 
at high . launch velocities. 

8.2 Electrothermal Thrusters 

In addition to the electromagnetic acceleration concepts covered 
later in this report, electrothermal means of producing accelerations 
also investigated. The work summarized in this section was done 

* and Shaw of Colorado State University under NASA 
Grant NGR-06-002- 112 (Wilbur, 1983). ' 

8.2.1 Electrothermal Rocket 

Figure 8-3 shows a simple schematic of an electrothermal rocket 
concept. In this concept, an on-board propellant with a high I* n (such 
as hydrogen) is heated electrically, then exhausted through a nozzle 
in order to produce thrust. Heating of the propellant could be 

accomplished by several different processes. In one concept, the 
resistojet* propellant would be heated by being passed over 

current-carrying resistive elements. Exhaust velocities of up to 8,500 m/s 
have been reported using this method, which is limited by material 
properties of the heating elements. In a second concept, heating of 
the propellant is accomplished by passing electrical current directly 
through the propellant in the heating chamber. In this concept, labeled 
an arcjet thruster, exhaust velocities of. up to 15 km/s have been claimed. 
In both the resistojet and the. arcjet rockets, propellant is carried 
aboard the vehicle and is metered into the heating chamber. 
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3.2>2 Electrothermal Ramj et 

A concept in which no propellant is carried on the Ua i,i.u 

^ vSr d,?tHbS%h,r a e L e . c f 9 r r?“rj 

rs f Se£«S 

engine* moving through the dispersed propellant* would aather* the 
thrust' 4 !?* tl !w U9h } he 1n1et d1ff user, heat It electrically, and provide 
St th* y h e T'' 1n9 s ,t the no22,e - Energy could be conduaed 

^zTiSAv.-yx:; .r^iriSs 

follJSinj , O p?es O enta?1?n y ‘ 0 f ^n ^nnX'Vlo^ ramjet* c^urrtioTth^^mfgh? 

JKtf.SiE,* T™ f4br,C4t, °" 4 " d ^^"STK'^aUrSfil 

Annular- Flow Electrothermal Bai^ t 

. . the concept depicted in Figure 8-4 is modified so that thu 

iPseSrivS 

concent ed the heat S a x^l® d With , pr °P ellant * However, in the annular flow 
X ht P *i\JI? addlt10n re 9 i0n 1s n ot inside the payload; it is desioned 
, be nff t6d d bet * een the movir »9 payload and the stationary launch tube 
wall One advantage this configuration presents is that ther^ is no 

of 6< ine 0 1 a . w * ndo "." the payload that would.be required to permit oassaae 
of energy into the heating chamber as is required™ Ito case of ?h! 

^ ce .^ sh0l f c iri ^fure 8-4. However, either of the concepts of Figure 8-4 

SeLiVTn tL W0 , Uld need a first sta 9 e *> accelerate l payload* to ? e 
velocity needed for commencement of efficient ramiet ooeration Thic 

acceleration could be produced by an electromagnetic driver (railaun 
or coaxial accelerator, a booster rocket or a iilht iff! 

DotentiTl 4 v hybr,d u 4, h *«*»“" u°?ng ’two UchXg ? S c'r tes e 
potential for more problems than would use of a single technoW XI 

SJ, \ZtT ^ ° f tl,e8e P0ss,6,e >rVTscu\%7u%r U 

8.2*4 Launcher Requirements 

Wilbur (1983) presented the results for analysis nf 

^s 4 ^g r 8 a ,, : 

16 cm at both diffuser and nozzle throats and minimum diameter at the 
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center of the payload being 8 cm to provide a heating chamber between 
P 0 *^ 00 of payload and the launcher tube wall. The diffuser 

u^?nrit a Ac' a fl? h a W3 / t0 !!, abou i 22,5 de 9 »*ees to permit exhaust 

velocities to be as high as possible. The chosen propellant was hydrogen 

and was assumed to be in the launch tube initially at 300 degrees K and 

J- a Pr es ? u : e of 30 atmos Pfieres. At the end of the launch sequence, 
the exhaust temperature was calculated to be approximately 5,000 degrees K 
and the exhaust pressure, about 400 atmospheres. s 



... I he la ^ h tube H squired to be tapered as a function of 

* pa ¥l 0ad , sp !l d *!? °r der t0 - efficient functioning of the ramjet 
along the length of the tube. The tapered profile of the launch tube 
needed for the hypothetical application is shown in Figure 8-6. This 
taper is needed so that a Mach number of M*1 at the nozzle throat can 
be maintained throughout the launch; this, in turn, leads to most efficient 
operation of the ramjet portion of the launcher. This requirement is 
based upon both thermodynamic and aerodynamic considerations. 



FIGURE 8-6. PROFILE OF LAUNCH TUBE 
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In addition to its tapered profile* the launch tube would have 
to be designed (1) to withstand the temperatures and pressures associated 
with the launch* (2) to have a high duty cycle with a correspondingly 
Short turn-around time, and (3) to provide for transferring external 
energy to the internal, moving electrothermal heating region. 

8.2.6 Energy Transfer 

Figure 8-7 displays an Instantaneous power profile of the thermal 
energy that must be added to the heat addition region of the electrothermal 
ramjet In order to sustain the design acceleration of 30,000 g until 
the speed of 15 km/s is reached at the end of the launcher tube. The 
total thermal energy input, found by Integrating under the power curve, 
is about 2.4 GJ. Using information provided in Tables 3-3 and 3-4 of 
Rice, et al, 1982, and scaling to the same final velocity and payload 
size, gives about 1.6 GJ as the energy needed to perform an equivalent 
mission with a hypothetical railgun launcher. 
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FIGURE 8-7 POWER PROFILE 

A large amount of the difference between the energy requirements 
for the two concepts is the relative inefficiency of the electrothermal 
ramjet In converting thermal energy In the heat chamber to kinetic energy 
of the payload projectile. An Instantaneous efficiency curve for the 
electrothermal ramjet is presented as Figure 8-8.. Energy conversion 
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efficiencies of up to 85 percent have been postulated for rallguns (Rice, 
et al,1982). The electrothermal ramjet would. require additional energy 
during the pre-boost phase of launch, making It even less attractive 
than a rail gun alternative. 

The preferred method of Wilbur (1983) for transferring energy 
Into, the thermal heating region Is by means of lasers arranged outside 
the launcher tube wall projecting energy through windows In the wall 
In order to provide heating of the hydrogen propellant.. When, both quantum 
and thermodynamic efficiencies of the lasers are taken Into consideration 
It Is obvious that large penalties in terms of non-productive energy 
use would accrue to the laser-driven, electrothermal ramjet concept. In 
addition, electrical energy generation and storage capabilities similar 
to those described in Rice, et al , 1982, for a rai.lgun launcher would 
be needed to drive the lasers. 



FIGURE 8-8. THERMAL-TO-MECHANICAL ENERGY EFFICIENCY PROFILE 


An alternative method of supplying heating energy to the moving 
thermal heating region would be by means of a sequentially-fired series 
of electrical discharge mechanisms built into the Inside of the launcher 
tube. This concept would have the advantage of transferring energy 
directly to the heating chamber without the Intermediate (and inefficient) 
conversion to optical energy in the lasers. Wilbur (1983) did not present 
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any design or efficiency data on this proposed concept, but It would 
appear to have both Initial and contlruing cost advantages over the last 
concept unless it contains a fatal flaw that would disqualify it from 
consideration. This concept still has the major disadvantage that massive 
amounts of electrical energy would have to be stored, then transferred 
to the electrothermal heating region extremely rapidly and in a precision, 
rapid sequence. These requirements result in very high capital costs 
that have been discussed at some length for rail launcher concepts in 
Rice* et al (1982). However, there appears to be another concept, not 
mentioned in Wilbur (1983), that could be more attractive than either 
scheme discussed to this, point. 

Consider again the general annular ramjet configuration shown 
in Figure 8-5. However, instead of a pure hydrogen environment, assume 
that the tube is filled with a mixture of 90 to 94 percent, hydrogen and 
6 to 10 percent oxygen,, a mixture that would sustain combustion in the 
presence of an igniter, but one that would not be explosive. Low-energy 
spark generators could be implanted .in the inner walls of the. launch 
tube and fired in sequence to maintain combustion in the moving heating 
region. The major advantage to this concept, which, more closely resembles 
a pure ramjet, is that the high capital costs for electrical energy 
generation, storage, and conversion could be bypassed. Feasibility of 
this concept was not pursued because of project time and monetary 
constraints. Even if theoretical feasibility could be established, this 
concept shares a major problem with any other ramjet scheme; that is, 
the ramjet must be accelerated by other means to efficient operating 
velocities. . 


8.2,6 Summary 

A ramjet starts to become an efficient mechanism only at. 
velocities considered to be extremely high under most ordinary conditions. 
For example, in the electrothermal ramjet configuration shown in Figure 8-5 
and discussed in Wilbur (1983), the authors assumed the need of a pre-boost 
phase to a speed of 5,000 m/s before ramjet action would be initiated. 
Even if this value is quite conservative, an initial stage is needed 
to produce some high value of velocity before efficient ramjet action 
can occur. This, in effect, leads to a hybrid launcher. The first stage 
could be a rail gun or. a light-gas gun. In either case, addtional 
complexity is introduced and stage interface problems would be encountered. 

Additional areas that would have to be investigated in order 
to determine .both feasibility And competitiveness of any ramjet concept 
include: 


• Payload size limitations 

• Repetition rate, of launch 

• Life of launcher tube 

• Payload ablation both in the tube and in the atmosphere 
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• Tube reconditioning requirements between launches 

• Structural and thermal compatibility between tube structural 
material and window material In those concepts Including 
laser-drive heating. 

8.3 Electromagnetic Rocket 6un 


Dr. F. Wlnterberg has recently proposed and theoretically 
analyzed a concept for a high-velocity accelerator which he calls an 
electromagnetic rocket gun (Wlnterberg, 1983). This concept is presented 
schematically in Figure 8-9. The launch tube walls are made up of field 
coils that are sequenced to make up a traveling magnetic wave. The. 
projectile consists of two parts; a payload section in front, and a 
conducting, cylindrical, metallic section in back. The hollow portion 
of the cylinder is filled with propellant (in Winterberg, 1983, the 
preferred propellant is solid hydrogen). 





The magnetic field is controlled so that it has a variable 
magnitude with respect to the projectile as shown in Figure 8-10. The 
leading edge of the field includes currents in the thin walls of the 
back portion of the projectile. The heat generated by these currents 
vaporizes the propellant which then encounters a region in which the 
magnetic field is rapidly rising. The now gaseous propellant is heated, 
ionized, and compressed by the rising force of the magnetic field and 
transformed into a plasma. After reaching the point of maximum field 
strength, the hydrogen plasma is ejected from the magnetic field as a 
high-speed exhaust jet, imparting an accelerating force to the projectile. 
In effect, the magnetic field establishes a “nozzle" through which the 
ionized propellant moves .to produce thrust. 

Advantages claimed for the electromagnetic rocket gun are as 

follows; 


W 

fj • The exhaust jet can be many times as long as the projectile, 

permitting switching of the current necessary to establish 
and move the magnetic field to be done at a lower rate than 
is necessary in alternative electromagnetic launchers such 
as synchronous accelerators. 


t The magnetic field can be utilized to center the projectile 
in the launch tube. This eliminates contact between the 
projectile and the side wall which has been a source of 
problems in other launchers such as railguns at higher 
velocities. 


• Superconducting or ferromagnetic materials are not needed. . 

A large amount of effort would be required to determine whether 
the electromagnetic rocket could be effectively used for the applications 
considered in this study. As far as is known, no experimental work has 
been performed to validate the concept. Since there are several unique 
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features included in this concept (solid hvdroaen as a 

electromagnetic nozzle) and since the author is concerned primarily with 

! !*; % . ultra ; h , igh v , eloc1ty ^ 10 ° tan/*) applications, P consideration 
of the electromagnetic rocket gun was not pursued further.. 

8.4 El ectromaqneti c Theta Sun 

The electromagnetic theta gun is a concept developed at Sandia 

19801 ' p I lB 5!? 1y , for mll1tar y applications (Burgess, 

n???2^4i The < b f s ! c , id ! a °f thls launcher Is shown in Figure 8-11. The 
tubular <n shape and is made of a highly conducting material. 
Driver coils are embedded in the cylindrical wall of the launcher and 
*?^ e y ize i sedu< f n .t1ally as the projectile proceeds along the length 
J^nJj iUncher - Linear motion along the launcher tube is 9 produced in 

The ™! at1 !! na J m0t1on is pfoduced in an. induction motor. 

The magnetic field produced by the drive coils Induces a current, in the 

closed, conducting path of the projectile. This current. In turn, creates 
magne . t1c fleld which interacts mutually with the driver coll 
produce , a force irt the desired direction. The projectile is 
guided along the launcher by a nonconducting mandrel extending the length 
of the launcher. It, as has been suggested (Burgess, 1980), the radial 

^ th ! Projectile. onto the iandrel a si .Jjhtlj 

r srf swr js .as sss„r is srs 
sss!S*.s;'ys«,"" — •• ~ 


PROJECTILE 


DRIVER COIL 

\ 



RIFLED MANDREL 


. SCHEMATIC OF ELECTROMAGNETIC THETA GUN 

.. . , The theta gun has several characteristics that render it 
unsuitable for. the applications considered under this program: 

* I^..^!I t ; i ! evered ™ ndrel would present formidable design, 

i!S ! U ii" 9 U and const ruction problems, since much larger 
launcher lengths are required than in the original theta-gun 
concept. 3 

• The thin-wall -cylinder projectile configuration would be 

SSu^ 4 1c !f nt for the. types of payloads at which this 
study is aimed. 
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• The necessity for the projectile to be highly conductive 
represents a major problem, as well. 

Thus, although the theta-gun concept may be promising for certain military 
applications. It does > not warrant additional study for the space EML 
missions considered in this report. 

8.S Soviet Electromagnetic Accelerators 

8.5.1 Induction Acceleration 

A major thrust In electromagnetic acceleration work in the 
USSR is induction acceleration. Bondaletov has been the prime inves- 
tigator In this area. The Soviet work consists of a one-coil inductor 
through which a current is pulsed. A conducting projectile (coil or 
ring) is accelerated, by the magnetic field pulse from the adjacent 
Inductor. Beryllium, copper, and aluminum are the preferred metals for 
projectile materials. The Soviets have reached velocities of 200 m/s 
for large projectile masses (200g). Emphasis on the acceleration of 
larger projectiles has been on industrial applications, including magnetic 
forming of metals and. high-speed current switching devices (Golovin, 

Work in the acceleration of smaller projectiles. has emphasized 
performance. In 1976 velocities of 5 km/s were reached for projectile 
masses on the order of 1 gram. The Soviets have since reached 10.5 km/s. . 

8.5.2 Railquns 

There is no evidence in the open literature . of Soviet work 
in the railgun acceleration of solid projectiles. Golovin (1982) 
speculated that this is because the Soviets are waiting until other 
countries, the U.S. in particular, have published sufficient information 
before performing a comprehensive study of the technology and setting 
their own direction in the field. 
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APPENDIX B 

ACRONYMS AND ABBREVIATIONS 



V Ah 


,v ^ n 

Y 


ACC 

ACS 

AMZIRC 

CC 

CELSS 

CFMF 

cm 

COR 

Cd 

Cl 

DE$ . 
000 
DOE 
ECLSS 
EML 
ESRL 
ET 
EVA 
9 

6EIS 

GEO 

GWe 

HEPA 

HLW 

HPG 

IOC 

Isp 

J 


Aft Cargo Carrier, 
attitude control system 
copper-zirconium alloy 
cubic centimeter 

controlled ecological life support system 
Cryogenic Fluid Management Facility 
centimeter 

Contracting Officer's Representative 

drag coefficient 

Curie 

distributed energy storage 
Department of Defense 
Department of Energy 

environmental control/life support system 
electromagnetic launcher 
Earth-to-space rail gun launcher 
External Tank 
extra-vehicular activity 
gram 

Generic Environmental Impact Statement 
geosynchronous orbit 
gigawatt electric 

high-efficiency particulate filter 

high-level waste 

homopolar generator 

initial operating capability 

specific Impulse 

joule 

Johnson Space Center 

kilogram 

kilometer 
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Kennedy Space Center 
low-Earth orbit 
lunar liquid oxygen 

Lunar Observation Pressurized Exploration Rig 

liquid oxygen 

life support system 

Lunar Space Transportation System 

Lewis Research Center 

meter 

Space Shuttle mall propulsion system 
Marshal 1 Space Pi ight Center 
metric ton heavy metal 
Newton 

National Aeronautics and Space Administration 

nautical mile 

oxidi zer^ to-fuel ratio 

Orbital Maneuvering Vehicle 

Orbit Transfer Vehicle 

payload support structure 

roentgen equivalent to man 

regnerative fuel cell 

Surface Construction and Transport Vehicle. 

Surface Crawler Observer Unpressurized Transportation 

supporting research and technology 

single stage energy storage 

Solar System Exploration Committee 

Single^stage-to*orbit vehicle 

Space Transportation System 

Transatmospheric Vehicle 

thermal protection system 

transuranlc waste 

Unmanned Launch Vehicle 

United States Air Force 

United States Air Force/Advanced Systems Division 
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APPENDIX C 

METRIC/ENGLISH UNIT CONVERSION FACTORS 


To convert 

atmospheres (atm). . . . 

atmospheres (atm). . - 

calories (cal) .... 

Calories per gram 
(cal/g). . 

centimeters (cm) ... 
centimeters (cm) . . . 
centimeters (cm) . . . 
cubic centimeters (cm3) 
cubic meters (m3). * . 
degrees Centigrade ( 6 C) 
degrees Kelvin (°K). . 
grams (g). . . . . . • 
kilograms (kg) ... . 
kilometers (km). . . . 
kilometers, (km). . . . 
kilometers (km). . . . 

kilowatts (kW) 

meters (m) 

meters (m) 

meters (m) 

meters per second .(m/$) 
metric tons (MT) ... 
metric tons (MT) . ... 
micrometers (urn) ... . 
Newtons (N). . . . . . 
Newtons per cm2 (N/cm2) 


into multiply by 

pounds per square inch (psi). . . 14.70 

pounds per square feet (psf). . . 2116.8 

British thermal units (Btu). . . . 3.9685 x 10* 3 

British thermal units per 

pound (Btu/lb). ......... 1.80. 

inches (in) 0.3937 

feet (ft) . . 3.281 x 10”2 

yards (yd). 1.094 x 10*2 

cubic inches (in 3 ). ....... 0.0610 

gallons (gal) 264.2 

. degrees Fahrenheit (°f) 1.8 C + 32* 

degrees Ranklne (°R). ...... 1*3 

pounds (lb) 2.205 x 10" 3 

pounds (lb) 2.205 

statute miles (mi). 0.6214 

nautical miles (n.mi.) 0.540 

feet (ft) . . - • • 3281 

Btu per hour (Btu/hr). 3413 

. inches (in) 39.37 

feet (ft) ............ 3.281 

yards (yd). . 1.094 

feet per second (ft/s) 3.281 

pounds (lb) 2205 

tons (T). . . . 1.102 

meters (m). . x 

pounds force. (lbf).. ...... 0.2248 

pounds per square inch (psi). . . 1.4504 
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Graetz I/C la fundamentally a grid, controlled reversible AC/DC bridge yielded very encouraging results In terns of tine constant, as veil as, current 
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